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ABSTRACT 
Establishing an adequate effective population size is important in maize (Zea mays L) 
recurrent selection programs. The objectives of the study were to detemriine the magnitude of additive 
genetic variance after 5 cycles of selection among four Srprogeny selection programs with effective 
population sizes of 5,10,20, and 30 but with a common selection intensity of 20%, to predict the 
gains of S2, Si, full-sib, and modified-ear-to-row recurrent selection methods with varying effective 
population sizes, and to compare the predicted gains with the realized gains obtained in a related 
study. Using the BS11 cycle 0 (CO), 5 cycles of Si-progeny selection were conducted by intermating 
5,10,20, or 30 lines to form a population for the next cycle of selection. The cycle 5 populations of 
the 5,10,20, and 30 Si-programs were referred to as C5-5, C5-10, C5-20, and C5-30, respectively. 
One hundred-thirty BS11 C5 Si lines from each of the selected populations and 100 BS11C0 Si lines 
were topcrossed to BS11 CO. The half-sib progenies were evaluated at five environments in a 
replication within sets randomized incomplete block design. Using the variance estimates of the 
BS11C0, the predicted gain cyde'^  was calculated based on trait perse selection and selection using 
an index Results showed that the additive genetic variance for grain yield ranked C5-5 > C5-20 > CO 
> C5-30 > C5-10 but differences among populations were not significant. Results of the predictions 
indicated that the trend was similar for the trait perse selection and index selection. Although the 
predicted gain cycle"' for a trait in a recurrent selection method increased with increasing effective 
population size, differences among the predicted values were agronomically insignificant. The 
comparison between the predicted gains and the realized gains obtained in a related study revealed 
that intemnating greater number of individuals would not result in a significant response over a few 
cycles of selection. Based on the results of the study, 1 conclude that there is no distinct advantage of 
using larger effective population size to maintain genetic variability and to realize gain in a short-term 
maize recun^nt selection program. 
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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Recurrent selection includes breeding procedures that are cyclical and conducted in a 
repetitive manner to gradually increase the frequency of favorable alleles in a population while 
maintaining genetic variability. It was first suggested by Hayes and Garber (1919) for the improvement 
of protein content in maize cultivars. Since then, recurrent selection has made significant contributions 
to yield gains in maize. For instance, recurrent selection in Iowa Stiff Stalk Synthetic was effective for 
developing new, superior performing lines that have t)een used extensively in commerdal hybrids 
(Zuber and Darrah, 1980; Smith, 1988). Recurrent selection methods contributed directly and indirectly 
to the genetic improvement of hybrids in the U.S. com-belt 
Except for mass selection, all recurrent selection methods include three distinct, but equally 
important phases (Hallauer, 1992): (1) sampling of individuals from the target population to develop 
families for evaluation; (2) evaluating families in replicated trials repeated over environments; and (3) 
intermating the superior ^milies to form a population for the next cycle of selection. The intermating 
phase involves two aspects: (1) choice of number of selected individuals or progenies to intermate and 
(2) the method used to intermate the selected individuals or progenies. Of these two, the number of 
individuals selected for intermating is of most importance (Hallauer, 1992). 
Vencovsky (1978) suggested that, in theory, the number of individuals intermated would equal 
the effective population size, Ne, under a recurrent selection scheme. Labate et al. (1997) calculated 
effective population size based on the results presented by Vencovsky (1978). Although a number of 
studies have discussed the role of effective population size in selection programs, there is little 
empirical information available :n plants, parti'culariy in maize, where effective population size is crudal 
in realizing response. Smith (1979,1983), Helms et al. (1989), Keerati'nijakal and Lamkey (1993), and 
Holthaus and Lamkey (1995) reasoned that the lack of response of population per se to recurrent 
selection in maize may be due to random genetic drift assodated with the use of small effective 
population size. Inadequate effective population size could result in the depletion of genetic variability 
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attributed to the fixation of alleles caused by genetic drift Reducta'on in variability would inhibit genetic 
enhancement of maize populations. From that context, this study was designed to detemiine the effect 
of effective population size on genetic variability and gains from recurrent selection in the BS11 maize 
population. Specifically the objectives of this study are: 
(1) To evaluate the performance of the BS11 CO, and the BS11 C5 populations from four S^-
progeny selection programs each with a different effective population size (5,10,20 or 30) 
but with a common selection intensity of 20%. 
(2) To compare the magnitude of genetic parameters (additive genetic variance and its 
interaction with the environment, phenotypic variance, heritability, and phenotypic and 
additive genetic correlati'ons) within the CO and C5 populations. 
(3) To predict the gains of S2, Si, fuil-sib, and modified-ear-to-row recurrent selection methods 
with varying effective population sizes, using tiie variance estimates of the BS11 CO 
population. 
(4) To compare the predicted gains with the realized gains obtained in a related study. 
Dissertation organization 
This dissertation is divided into five chapters with two chapters, 3 and 4, each comprising one 
manuscript A chapter on general literature review follows the general introduction. The general 
literature review includes general review of effective population size and genetic drift, their effects on 
genetic variance and response to selection, and estimates of genetic variance in the BS11 maize 
population. Chapter 3 examines the effect of effective population size on additive genetic variance after 
five-cycles of Si-progeny selection in the BS11 maize population. Chapter 4 deals with the predicted 
gains of recurrent selection methods with varying levels of effective population size. The manuscripts 
were written in journal fonnn and will be submitted for publication with little or no modification. A chapter 
of general conclusions follows chapter 4. Appendices to the d^ertation containing frequency 
distributions, individual environment means, analysis of variance, variance and heritability estimates 
follow the general conclusions. References cited in the general introduction and general literature 
review are presented at the end of the dissertation. 
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CHAPTER 2. GENERAL LITERATURE REVIEW 
Random genetic drift, effective population size and 
genetic variance 
Dobzhansky (1951) referred to the random fluctuation in gene frequency in an 
effectively small population as genetic drift. Random genetic drift is a chance process whereby 
allelic frequencies can change by chance alone and the changes cannot be predetermined in 
any way by the sampling process (HartI and Clark, 1989). Similariy, Falconer and Mackay 
(1996) described random drift as the random changes of gene frequency and this random 
change is considered a dispersive process being random in direction and predictable only in 
amount. The dispersive process may be regarded as a sampling process, described In terms of 
sampling variance or as an inbreeding process, in terms of the genotypic changes arising as a 
consequence of mating between relatives (Falconer and Mackay, 1996). 
Random genetic drift was once referred to as "Hagedoom effect', after A.L and A.C. 
Hagedoom (1921). Sewall Wright credited J.T. Gulick for pioneering the study of random 
genetic drift but. according to Beaty (1992), it was Wright who did the most to "articulate and 
defend* the significance of the phenomenon of random genetic drift. The German biologist, 
Hermann J. MuHer, claimed to have pioneered the understanding of random genetic drift and 
only acknowledged Sewall Wright in naming the phenomenon (Beaty, 1992). 
Random genetic drift was an important component of Wright's shifting-balance theory 
(Wright 1931,1932,1940). Wright asserted that a species is able to respond best to selection 
pressures when there is ample genetic and genotypic variation for natural selection to act on and 
such variation is more likely to be available in species divided into small, partially isolated 
populations. Wright emphasized that the role of genetic drift in the shifting balance theory was 
only to shift gene frequencies to the extent of creating novel interaction systems of genes upon 
which selection would then act on. Although he was misunderstood and criticized for advocating 
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the importance of genetic drift in evolution, Wright's concept of random genetic drift laid out one 
of the foundations of population genetics. 
In the absence of migration, mutation and selection, the Hardy-Weinberg Law asserted 
the stability of gene frequendes in large populations. However, this property of stability does not 
apply in small populations where gene frequencies undergo random fluctuations due to the 
sampling of gametes (Wright, 1931). Wright (1931), concerned with this chance sampling, 
introduced the concept of population number, N. He defined the relationship between 
inbreeding and the number of individuals in a population (N) and emphasized that the rate of 
loss of heterozygosity is 1/2N, whether N is equally divided between males and females or 
composed of monoecious individuals assuming pairs of allemorphs. The simplest way to study 
the consequence of the dispersive process (i.e., population number and genetic drift) is through 
the Wright-Fisher idealized population model (Fisher, 1930; Wright, 1931). This model 
assumes that there is an initially large random mating population and it t)ecomes subdivided into 
a large number of sub-populations. The original population is referred to as the base population 
and the sub-populations are regarded as lines. Falconer and Mackay (1996) best described the 
simplifying conditions for the idealized population as follows: 
1. Mating is restricted to members of the same line. 
2. The generations are distinct and do not overiap. 
3. The number of breeding individuals in each line is the same for all lines and in all 
generations. 
4. Within each line, mating is random including self-fertilization in random amount. 
5. There is no selection at any stage. 
6. Mutation is disregarded. 
Since real populations do not meet the conditions spedfied in the idealized population, Wright's 
population number is now referred to as effective population size, Ne. 
Kimura and Crow (1963) described effective population size as Ihe number in an 
idealized population in which each individual has an equal number of expected progeny". HartI 
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and Clark (1989) defined effective population size of an actual population as the number of 
individuals in a theoretically ideal population having the same magnitude of random genetic drift 
as the actual population*. Caballero (1994) described effective population size as the size of an 
idealized population wtiich could give rise to the variance of gene frequency or the rate of 
inbreeding ot}served in the actual population. Hence, the effective population size gives a 
measure of the rate of genetic drift and inbreeding in the population. There are many ways to 
calculate effective population size under certain circumstances, however, the subject is not the 
focus of this study and will not be covered in the review. Caballero (1994) presented a 
comprehensive review on the development and status of the methods of estimating effective 
population size. 
A number of theoretical and empirical studies on the subject have been conducted ever 
since the 'presentation' of genetic drift and effective population size by Wright during 1930-31. 
Mayr (1942) introduced the principle of founder effect' as akin to random genetic drift and 
underscored its importance to speciation. Mayr's founder prindple' designates the 
establishment of a new population by a few original founders which carry only a small fraction of 
the total genetic variation of the parental generation. The founder principle* accounts for the 
genetic and also the physical uniformity of any population established by one or few founders 
(Mayr, 1963). Although the founder effect is a case of indiscriminate sampling and sampling 
error, it is different from random genetic drift as it has to do primarily with divergence between 
units of evolutionary change while parental and gametic sampling error (characteristic of genetic 
drift) have to do primarily with the evolution of one unit (Beaty, 1992). 
Crow (1954) asserted that the primary measurement of genetic drift is the variance of 
gene frequencies, crq= poqo[1 - (1 - 1/2N)'], where N is the effective population size; t. is the 
generation number; and Po, refers to the initial gene frequency of the wild-type allele. Crow 
implied that, with genetic drift alone, populations with the same initial gene frequency will 
differentiate over time and increasing differentiation among populations is equivalent to 
increasing variance of the gene frequency among them. Falconer and Mackay (1996) pointed 
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out that there are limits to the differentiation of lines resulting from the dispersive process. 
They said that gene frequency ranges from 0 to 1 and sooner or later each line must reach one 
or other of these limits, and these limits are 'points of no return' because once a gene frequency 
has reached 0 or 1 it cannot change anymore in that line. An allele is said to be fixed in a line if 
its frequency is 1, and lost, if its frequency is 0. TTie fixation of alleles in individuals in a line is 
the basis of genetic uniformity (Falconer and Mackay, 1996). 
Kimura (1955) theoretically presented the effect of genetic drift due to small population 
number for a multi-alielic locus. He showed that as the number of generations becomes large, 
the rate of decay of the frequencies of the classes where 3 alleles coexist approaches 3/2N per 
generation. Kimura (1968) also mathematically described the process of random genetic drift in 
tenns of the probability distribution function of gene frequendes and he emphasized that the 
amount of fluctuation in gene frequencies is expected to be larger with smaller populations. 
Most of the early empirical works supporting the theoretical expectations of drift were 
conducted on Drosophila using constantly small population sizes (Kerr and Wright, 1954; Wright 
and Kerr, 1954; Buri, 1956). These studies corroborated theoretical results and have formed an 
experimental evidence for the acceptance of the theory on drift. However, experiments by Bray 
et al. (1962) and Weinland et al. (1964) found no evidence of drift in controlled populations of 
Tiibolium and poultry, respectively. 
Nei et al. (1975) mathematically studied the effect of increase in population size on 
genetic variability after a 'bottleneck'. They showed that the amount of reduction in 'average 
heterozygosity' per locus depends not only on the size of the bottleneck but also on the rate of 
population growth. They said that the reduction in average heterozygosity is rather small if 
population size increases rapidly after a population bottleneck while the loss in the 'average 
number of alleles* is profoundly affected by bottleneck size but not so much by the rate of 
population growth. They concluded that this difference occurs mainly because random genetic 
drift eliminates many low frequency alleles but when population size is restored, the average 
number of alleles per locus increases faster than the average heterozygosity. 
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Rich et at. (1979) investigated genetic drift by observing fluctuations of gene 
frequency at the autosomal 'black* (b) locus in Thbolium castaneum after 20 generations of 
random mating using four constant population sizes (5,10, 25 and 50 pairs of parents). Their 
results confirmed the genetic theory that drift, as measured by the variance in gene frequencies, 
was greater in the smaller populations than in the larger populations. However, the observed 
variances of gene frequency were less than those expected and Rich et al. (1979) suggested 
that there may be forces other than drift affecting gene frequencies in these populations. 
Studies by Wade and McCauley (1988), Whitlock (1992a, b) have shown that bottlenecks and 
founder events enhance genetic drift. The very low levels of polymorphisms observed in extant 
populations of the elephant seal (Bonnel and Selander, 1974) and the cheetah (O'Brien et al., 
1985,1987) were believed to be due to population bottlenecks. 
Although there has been considerable theoretical and empirical evidence to support the 
effect of population size and genetic drift on genetic variance, some studies reveal contrasting 
results. Previous works on population bottlenecks and genetic drift apply only to single (or 
independent) loci with additive effects and the genetic theory does not consider either intra-
allelic interactions (dominance and overdominance) or inter-locus interactions (Bryant et a!., 
1986b). Robertson (1952) was the first to contradict the classical genetic drift theory by 
demonstrating that genetic variation due to recessive alleles in lines with small breeding size 
may increase temporarily due to inbreeding. Robertson showed that with dominance the 
amount of additive genetic variance in an isolated line could increase with inbreeding. He 
opined that the variation due to recessive genes at low frequency increases with inbreeding until 
F is atx)ut 0.50 and decreases to zero when inbreeding is complete, i.e. F is close to 1. 
Lints and Bourgois (1982) reported an increase in genetic variation and heritability for 
stemopleural bristle numtier in a D. melanogaster line that has gone through an accidental 
bottleneck in the laboratory. Carson and Wisotzkey (1989) reported an increase in genetic 
variance following a population bottleneck in a vigorous population of the endemic Hawaiian 
spedes D. sih/estris. According to them, a stochastic change in chromosomal organization by 
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recombination, appearing at or about the time of the bottleneck, has permitted the release of 
novel genetic variance sut)sequent to the action of natural selection. 
The increase in additive variance, with small population size or after a population 
bottleneck, was attributed to the transformation of non-additive variance components into 
additive genetic variance. Bryant et al. (1986) conducted a study on the effect of a population 
bottleneck upon quantitative genetic variation of morphometric traits in replicated experimental 
lines of the housefly founded with one. four, or 16 pairs of flies. They showed that heritability 
and additive genetic variance for eight morphometric traits generally increased in the 
bottlenecked populations but the pattern of increase varied among traits. They opined that the 
multiplicative epistasis model explains the increase in additive variance for most of the traits. 
Goodnight (1987) theoretically studied the distribution of epistatic variance in a 
population following a founder event by presenting a model that used measures of co-ancestry 
to examine the effect of founder events on additive-by-additive epistasis. He used the co-
ancestries or intra-class correlations within individuals and within demes together with the 
genetic variance components in the population to obtain the variance within and among demes 
following a founder event. He showed that while a founder event decreases the contribution of 
additive variance to the variance within demes, it increases the contribution of epistatic variance 
to the variance within demes. Goodnight also emphasized that the contribution of epistatic 
variance to the variance among demes following a single founder event is not qualitatively 
different from the contribution of additive variance among demes. He concluded that while 
epistasis is relatively unimportant following a single founder event, it may have major 
evolutionary implications if drift is allowed to occur again after several generations. 
Cockertiam and Tachida (1988) used covariances between ancestors and descendants 
within populations to theoretically study the pemnanency of response to selection for 
quantitative character in finite populations and the nature of the genetic effects that contribute to 
this response. They defined the effects and variances for an initial equilibrium random mating 
monoecious population that gives rise to replicate finite populations. After a prescribed history 
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of restricted population size, they expanded the populations, and the covariance between 
ancestors and descendants is quantified in terms of descent measures and genetic components 
in the initial population as a means of detemiining the additive variance within populations. 
They theoretically showed that several dominance components including joint dominance effects 
of loci contribute to the additive variance, some of which can be negative. Cockertiam and 
Tachida (1988) noted that there is always a positive contribution of additive-by-additive variance 
to the additive variance, which can be large. 
Goodnight (1988) theoretically demonstrated that additive-by-additive epistatic genetic 
variance is transformed to additive variance following a founder event and the amount 
converted is a function of recombination rate and propagule size. He showed that while very 
extreme bottlenecks cause the most rapid conversion of epistatic variance to additive variance, 
the greatest conversion will occur in moderate population sizes over a large number of 
generations. 
Bryant and Meffert (1993) subjected experimental populations of the housefly, initiated 
from a single outbred natural population, to five serial founder events of one, four, or 16 pairs of 
flies. They allowed the populations to flush to about 1000 pairs after each bottleneck and 
detemfiined the additive genetic variance for eight morphometric traits using parent-offspring 
covariances. They reported an increase in additive variance for all bottleneck sizes. Although 
Goodnight's (1988) additive-by-additive epistatic model fitted their data slightly better than the 
pure dominance model, Bryant and Meffert (1993) stated that it is difficult to 'dissect out* 
separate processes, if both dominance and epistasis affected the traits. 
Willis and Orr (1993) emphasized that unless alleles are neariy completely additive in 
their heterozygous effects or the partially recessive alleles are common in the ancestral 
population, brief population bottlenecks will increase the expected additive genetic variance and 
heritabil'ity. They also argued that partial dominance could be the primary cause of the increase 
in genetic variance for fitness and size related traits in the bottleneck experiments of Bryant et 
al. (1986) and Lopez-Fanjul and Villaverde (1989). 
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Whitlock et at. (1993) investigated the effect of non-add'rtive genetic variance on the 
annount of additive genetic variance within local populations in an infinite-allele, infinite-island 
model with migration, extinction, and re-colonization using two-locus descent measures. They 
inferred that in a subdivided population, the additive genetic variation depends on the 
dominance and epistatic variation in the spedes. Whitlock et al. (1993) concluded that with non-
additive genetic effects, drift on average increases the amount of additive genetic variance 
within a population while migration decreases the equilibrium amount. 
Cheverud and Routman (1996) found that all fonms of epistasis increase average 
additive genetic variance in finite populations derived from initial populations with intermediate 
allele frequencies. They showed that additive-by-additive epistasis is the most potent source of 
additive genetic variance while dominance-by-dominance epistasis contributes smaller amounts 
of additive variance. 
Response to selection 
The choice of effective population size has been one of the important issues in the 
planning and implementation of recurrent selection programs. The role of effective population 
size may elicit confusion as to the goals of short-term and long-term recurrent selection 
programs. Short-temi response, as described by Hill (1985), is dependent only on genetic 
variance in the base population. Likewise, long-temn response is being affected by change of 
variance through change of gene fi^uency and fixation of genes and by variation arising from 
mutation subsequent to the start of the selection program. It has been argued that long-term 
selection requires large effective population size to avoid undue loss of genetic variance by 
genetic drift and that small effective population size should be used for short-term selection in 
order to maximize gain. 
Rot>ertson (1960) developed a theory of limits to artifidal selection in terms of single 
genes and noted that the limit is caused by loss of additive genetic variance. He examined the 
implications of Kimura's (1957) theory in terms of the total advance possible and the time scale 
of selection. Robertson (1960) showed that the total advance varied from 2N times the change 
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in the first generation for small values of Ns to 4N times the change in the first generation for 
large values of Ns, where N and s refer to population size and selective advantage, respectively. 
He demonstrated that the half-life for any selection process for additive genes will not be greater 
than 1.4N generations but it could be 2N for rare recessive genes. Rawlings (1970), on the 
other hand, emphasized that effective population size is usually not a problem in selection 
programs and that an effective population size of the order of 30 would be adequate for many 
genetic systems. He also suggested that a combination of high selection intensity and a 
reasonable effective population size can be used so that there would be no major conflict 
between the goals associated with short-term and long-term programs. 
Frankham et al. (1968) studied the short-term response to selection using a factorial 
design of three population sizes and five selection intensities for increased number of bristles 
on one abdominal segment in Drosophila. They concluded that larger population sizes tended to 
give greater response to selection due mainly to large realized heritabilities. 
Jones et al. (1968) conducted an experimental evaluation of Robertson's (1960) theory 
of limits to artificial selection by extending the woric of Frankham et al. (1968) to 50 generations 
of selection. They pointed out that, in general, the total response increased with an increase in 
Ni (product of population size and standardized selection differential). They concluded that the 
total response increased as the number of individuals scored increased, or for a fixed number of 
parents, increase in selection intensity increased both rates of response per generation and total 
response. 
Baker and Cumow (1969) examined the consequences of different effective population 
sizes on progress to selection within a population with a specific genetic model using the 
mathematical approach develop by Cumow and Baker (1968). They showed that there is little to 
be gained in going beyond an effective population size of 16 when the issue of interest is the 
progress which can be realized in a reasonable number of generations. They concluded that 
reasonable rapid progress from selection can be expected with small effective population size 
and that substantial added progress may be obtained if selection can be practiced within each of 
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a number of replicate lines developed out of the same original population, followed by selection 
of the best replicate lines. Hallauer (1992), after reviewing the literature on effective population 
sizes, suggested that a minimum of 25 to 35 progenies should be intermated for recunrent 
selection programs initiated in maize. 
James (1971) presented a genetic model based on single locus theory with additive 
gene action describing the implications of the founder effect on response to artifidal selection. 
He emphasized that the reduction in total response caused by a small number of founders is 
greatest for large populations under intense selection, espedally when the desirable alleles are 
rare in the t)ase population. He pointed out that, if these alleles are at high frequendes, it is 
possible that a line, which has gone through a bottleneck, may be more sensitive to a reduced 
population size during sut)sequent selection than a line, which has not. James (1971) further 
noted that under some conditions, replicate selection lines founded with small samples are likely 
to be less variable in response than lines founded with moderately large samples. 
Sprague and Ebertiart (1977) opined that if 30 lines have been selected from 300, 
rather than 10 from 100 each cyde, the expected level of inbreeding in BSSS(HT)C7 would 
have been 0.11 instead of 0.29. Assuming a yield depression similar to the estimate obtained 
by Hallauer and Sears (1973) for BSSS (0.449 q/ha per % inbreeding), Sprague and Eberhart 
(1977) said that BSSS(HT)C7 would have been expected to yield an additional 8.1 q/ha, which 
would have given a gain of 1.90 q/ha per cycle, instead of the 0.74 gain reported with an 
effective population size of 20. They noted that similar computations indicated a probable gain 
per cyde of 1.47 q/ha for BSSS(R) from 30/300 compared with observed gain of 0.24 with 
10/100 lines. 
Smith (1979) developed a model to study the relationship between the change in the 
mean and changes of allelic frequendes in improved populations arising from recurrent 
selection. His model assumed that the change in the mean of the improved population is a 
function of Ap, the weighted average change in allelic frequency, a, the average effect of gene 
substitution in the base population, and R, the change in inbreeding depression in the improved 
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populations. Using the data of Eberhart et al. (1973) and Russell et al. (1973) to illustrate his 
model, he concluded that the amount of inbreeding in those studies was highly significant. He 
pointed out that this probable loss of favorable alleles will represent a limit to the gain that can 
be achieved by selection. Smith (1979) hinted that effective population size may need to be 
increased in those selection procedures to reduce the rate of accumulation of inbreeding due to 
random genetic drift. 
Brim and Burton (1979) conducted a recurrent selection study for increased protein in 
two soyt)ean populations using different effective population sizes. They concluded that 
reduced effective population size and number of lines tested per cycle had little effect on 
progress. For the populations they used in their study, they infened that the use of larger 
effective population size over the short-tenm was unwarranted. 
Frankham (1980) investigated the effect of single initial population size bottleneck (size 
n individuals) on the subsequent response to selection on abdominal bristle number on 
Drosophifa mefanogaster. He conducted 52 generations of selection on 40 bottlenecked 
selection lines, three non-bottlenecked selection lines and sbc control lines. His results were in 
agreement with the theory of James (1971) which predicted that the short-tenm response to 
selection would be reduced to (1 - 1/[2n]) of that in lines not subjected to the bottleneck. He 
obtained a final proportionate long-temfi response of 0.72 or 0.69 depending on the scale, close 
to that of James (1971) (1 - 1/[2nD proportion. 
Smith (1983) made a population diallel (including selfs) of the CO, C4 and C7 cycles of 
BSSS(R), BSCB1(R) and BS13 (HT) and crosses involving the C5 and C8 cycles of the 
BSSS (R) and BSCB1 (R) to evaluate effects of recurrent selection for grain yield in maize. He 
showed that recurrent selection was effective for increasing grain yield in population crosses but 
there was lack of response in the BSSS(R) and BSCB1 (R) population per se. He suggested that 
the lack of response in the population per se, may be due to drift which is the result of using 
small effective population size. Similariy, Keeratinijakal and Lamkey (1993) attributed 
inbreeding depression resulting from random genetic drift to the lack of improvement of 
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BSSS (R) and BSCB1(R) population perse after 11 cycles of reciprocal recurrent selection. 
Helnds et al. (1989) conducted a study to separate the effects due to selection from 
those due to genetic drift using the model proposed by Smith (1979). They showed that the 
theoretical effect of inbreeding depression associated with small population size was evident 
when comparing actual yields to yields adjusted for genetic drift. The predicted yield adjusted 
for genetic drift was greater than the obsen/ed yield. The effects of genetic drift were significant 
and they concluded that it should be considered in long-term selection programs. 
Weyhrich et al. (1998) studied the response of the BS11 maize population to Si-
progeny selection using effective population sizes of 5,10, 20. and 30. Weyhrich et al. (1998) 
evaluated the So populations per se, the Si populations per se, and the testcrosses to the CO for 
all cycles of selection of each effective population size. The Si populations per se, represent 
direct response to Si progeny selection. In the So populations perse, Weyhrich et al. (1998) 
found that the 10-Si, 20-Si, and 30-Si programs resulted in a significant increase in grain yield 
and the responses for these three selection programs were not significantly different from each 
other. There was a significant decrease in grain yield of -0.22 Mg ha"^ cycle'^  in the 5-Si 
program. In the selfed populations perse, they found out that grain yield responses were 
significant in the desirable direction for the three larger effective population size programs while 
a significant decrease of -0.11 Mg ha"' cycle"' was exhibited by the 5-Si program. They 
concluded that the point at which genetic drift no longer dominated progress from selection in 
the population perse is reached when 10 lines were recombined. They noted that after this 
point, there seemed to be no advantage, at least in the short-tenn, for selecting and intennating 
10 to 20 progenies. 
Genetic variance in the BS11 maize population 
The BS11 maize population was developed by crossing Caribbean material, southern 
prolific material and Com Belt lines (Hallauer, 1967). It became adapted to the central US Com 
Belt after undergoing 10 cycles of mass selection for adaptation and prolificacy. A reciprocal 
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full-sib selection of BS10 and BS11, both prolific populations, was initiated in 1963 (Hallauer 
1967) and 13 cycles of redprocal full-sib selection have been conducted to date. 
Obilana et al. (1979) determined the genetic variability of the CO inter-population full-sib 
families of BS10 and BS11 using the North Carolina Design I. They found out that additive 
variance was more important than the dominance variance for grain yield and days to silking. 
The CO inter-population dominance variance was not significantly different from zero for all 
traits. 
Lantin and Hallauer (1981) reported that genetic variation did not decrease in the inter-
population full-sib families after 5 cycles of RRS in BS10 and BS11. They did not obtain any 
evidence of reduced genetic variability in BS10 and BS11 per se, after 4 cycles of reciprocal 
full-sib selection. 
Hallauer (1984) summarized the results of seven cycles of reciprocal full-sib selection in 
BS10 and BS11. He noted that there was no evidence of decreased genetic variability among 
full-sib progenies with 7 cycles of reciprocal full-sib selection. 
Reeder et al. (1987) determined the changes that had occurred in the magnitudes of 
additive and dominance variance in the BS10 and BS11 maize populations as a result of six 
cycles of reciprocal full-sib selection. Estimates of additive genetic variance suggested a 
decrease from the CO to C6 of BS10 and BS11 for yield and stalk lodging. Estimates of 
dominance variance generally increased, but decreasing estimates were observed in yield and 
stalk lodging in BS11. They concluded that the changes in the estimates of genetic variances 
suggest genetic variability was reduced with selection. However, most of the changes were 
small and statistically non-significant. 
Rodriguez and Hallauer (1991) used BS10(FR)C5 and BS11(FR)C5 to quantify variation 
among full-sib families of com for different generations of inbreeding. The among full-sib 
families component of variance was significantly different in the So for all traits. Since the full-
sib families were evaluated in one year, the estimates of genetic variance are biased to an 
unknown extent by genotype x year and genotype x year x location interactions. 
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Fountain and Hallauer (1996) conducted a study to determine the genetic variability of 
yield and other traits within three F2 populations, within three genetically narrow-t)ased 
synthetics and within three genetically broad-based synthetics that include BS11 (FR)C9. 
Estimates of genetic variance in the BS11 (FR)C9 were greater than zero for grain yield, root and 
stalk lodging, anthesis date, and silking date. BS11C0 was not included in the evaluation. 
Frank (1997) reported an increase in genetic variance for yield in BS11 after 10 cycles 
of redprocal full-sib selection with BS10. However, genetic variance decreased significantly for 
grain moisture, root and stalk lodging, dropped ears and days to mid-silk and mid-anthesis. 
Overall, the results indicated a trend in reduced genetic variance for ail agronomic traits except 
grain yield. 
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CHAPTER 3. EFFECTIVE POPULATION SIZE AND GENETIC 
VARIABILITY IN THE BS11 MAIZE POPULATION 
A paper to be submitted for publication in Crop Science 
P. S. Guzman and K. R. Lamkey 
Abstract 
Establishing adequate effective population size in maize recurrent selection programs is 
important due to random genetic drift and inbreeding depression. The objectives of this study were to 
(0 evaluate the performance of the BS11 cycle 0 (CO) and the BS11 cycle 5 (C5) populations from 
four Si-progeny selection programs each with a different effective population size (5,10, 20 or 30) 
but with a common selection intensity of 20%, and (iO compare the magnitude of genetic parameters 
among the CO and C5 populations. Five cycles of selection were conducted by intermating 5,10, 20, 
or 30 lines. One hundred-thirty CS Si lines from each of the selected populations (i-e. C5-5, C5-10, 
C5-20, and C5-30) and 100 CO Si lines were topcrossed to BS11 CO. The resulting half-sib 
progenies were evaluated at five environments in a replication within sets randomized incomplete 
block design. The four selection programs resulted in a significant increase in yield, reduced 
moisture, root lodging, and stalk lodging. For yield, the 10-Si program showed the highest gain 
cycle'^  of 0.16 Mg ha"' followed by the 30-Si program with 0.13 Mg ha"' cycle d The 5-Si program 
had a higher gain cycle'^  than the 20-Si program. The additive genetic variance for yield ranked 
C5-5 > C5-20 > CO > C5-30 > C5-10 but differences among populations were not significant. 
Heritability for yield was highest for C5-20 but there were no significant differences among 
populations. The results suggest little to no advantage of using larger effective population sizes to 
maintain genetic variability for short-term recurrent selection. 
Introduction 
Recurrent selection contributes greatly to the genetic improvement of maize hybrids in the 
U.S. Recurrent selection programs in the BSSS maize population led to the development of widely 
used maize inbred lines such as B73 and B84 (Hallauer et al., 1983). As a cyclical breeding 
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procedure, recurrent selection aims to improve population performance and maintain genetic 
variability for continued selection. Improvement of population performance is a direct result of the 
increase in the frequency of favorable alleles. The increase in the frequency of desirable alleles 
increases the chance of obtaining inbred lines with superior combining ability. 
The number of individuals intermated is the most critical aspect of the intermating phase of 
recurrent selection programs (Hallauer, 1992). Gain from selection can be increased for any 
recurrent selection method by increasing selection intensity (Sprague and Ebertiart, 1977) which is 
proportional to the number of lines selected for intermating and the number of lines evaluated. The 
selection intensity assodated with recurrent selection can increase as the number of lines evaluated 
increases. Similariy, for a given selection intensity, an increase in the numtier of individuals selected 
requires an increase in the numt}er of lines evaluated. However, resources for a recurrent selection 
program usually limit the number of lines evaluated so that there is a trade-off between selection 
intensity and number of individuals intermated in maintaining genetic variability. The number of 
individuals intermated approximates the effective population size, Ne, in recurrent selection 
programs (Vencovsky, 1978; Labate et al., 1997). 
The concept of effective population size was introduced by Wright (1931) to address the 
phenomenon of random genetic drift. Genetic drift is the random fluctuation of gene frequencies in 
small populations. HartI and Claris (1989, p. 82) described effective population size as Ihe number of 
individuals in a theoretically ideal population having the same magnitude of random genetic drift as 
the actual population'. Falconer and Mackay (1996, p. 65) defined effective population size as the 
number of individuals that would give rise to the calculated sampling variance, or rate of inbreeding 
if they bred in the manner of the idealized population'. Hence, the effective population size gives a 
measure of the rate of genetic drift and inbreeding in the population (Caballero, 1994). 
Theoretical studies by Wright (1951), Crow and Kimura (1970), Nei et al. (1975) and 
empirical studies with Drosophila by Ken* and Wright (1954), Wright and Kerr (1954) and Buri (1956), 
and on Tribollium castaneum by Rich et al. (1975) have shown that small population size results in 
genetic uniformity as a consequence of genetic drift. In artifidal selection programs, the impact of 
19 
finite population size has t}een discussed (Robertson, 1960,1961; Baker and Cumow, 1961; 
Rawlings, 1979; Comstock, 1974; Vencovsky, 1978; Enfield, 1980). It has been emphasized that the 
use of inadequate effective population size in selection programs could result in the loss of genetic 
variability attributed to the fixation of alleles caused by genetic drift. Fixation may either be for 
favorable or unfavorable alleles, and unless mutation occurs or germplasm is introduced into the 
population, genetic variability will not be generated at fixed loci (Hallauer, 1992). 
Most of the eariy studies on the effect of genetic drift on genetic variance assumed a pure 
additive genetic model. These studies did not consider either intra-allelic or inter-locus interactions. 
However, some studies (Robertson, 1952; Goodnight 1987,1988; Cockertiam and Tachida, 1988; 
Bryant et al., 1986; Bryant and Meffert, 1993; Willis and Orr, 1993; Chevemd and Routman, 1996) 
relaxed the assumption of pure additive gene action and considered non-additive gene action which 
includes dominance or epistasis. In the presence of interacting genes, these studies have shown 
that additive genetic variance could increase with small effective population size or after a 
population bottleneck. 
A majority of the empirical studies on the effect of effective population size on genetic 
variance were conducted using Drosophila. There is a dearth of infomiation available in plants 
specifically in maize where effective population size is crucial in recurrent selection programs. Our 
study, which is the first to be conducted in maize, was designed to detennine the magnitude of 
additive genetic variance after five cycles of Si-progeny selection using four effective population 
sizes but with a common selection intensity using the BS11 maize population. Breeders are always 
concemed with the magnitude of additive genetic variance because it is the chief detenninant of all 
observable genetic properties of the population and of the response of the population to selection 
(Falconer and Mackay, 1996). Consequently, the choice of effective population size impacts the 
magnitude of genetic variance and selection response. The objectives of our study were to (0 
evaluate the perfonmance of the BS11 CO and the BS11 C5 populations from four Si-progeny 
selection programs each with a different effective population size (5,10,20 or 30) but with a 
common selection intensity of 20%, and GO compare the magnitude of genetic parameters (additive 
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genetic variance and its interaction with the environment, phenotypic variance, heritability, and 
phenotypic and additive genetic correlations) within the CO and C5 populations. 
Materials and Methods 
Deveiopnnent of genetic materials 
BS11 is a genetically broad-based population formed by crossing southern prolific material, 
Caribbean material, and U.S. Com-Belt lines (Hallauer, 1967). It was developed by W.L. Brown at 
Pioneer Hi-Bred International, Inc. and was originally designated as 'Pioneer Two-ear Composite'. 
The BS11 maize population became adapted to the Central U.S. com-belt by 10 cycles of mass 
selection for adaptation and prolificacy. 
The four effective population sizes used in the study were 5 (fewer than generally used), 10 
and 20 (most commonly used), and 30 (greater than normally used). Using the BS11 cycle 0 (CO), 
five cycles of Srprogeny selection were conducted by intermating 5,10,20, or 30 lines to form a 
population for the next cycle of selection. The Si programs in which 5,10,20 or 30 lines were 
intermated were referred to as 5-Si. 10-Si, 20-Si, and 30-Si, respectively (Table 1). 
Weyhrich et al. (1998) described the sequence of Si progeny selection conducted for each 
program. For 5-Si, a cycle of selection was initiated by growing the population perse at the winter 
nursery in Puerto Rico and selfing 25 to 50 plants. Ears were harvested from 25 desirable plants. 
The 25 Si lines were evaluated the following season at three locations in Iowa with two replications 
per location. Based on the results of the evaluations, the best Si lines were selected, and intermated 
the following season at the winter nursery using their remnant Si seeds. The bulk-entry method 
(Hallauer, 1985) was used to intermate the selected Si lines producing the Syn-1 population. Chain 
sibbing 300 to 400 Syn-1 plants produced the Syn-2 population. The Syn-2 population was used to 
initiate the next cycle of Si-progeny selection. 
The selection procedure for the 10-Si program was similar to that of 5-Si but 50 lines were 
evaluated and 10 lines were selected for intemating each cycle. For the 20-Si program, 20 lines 
were intermated after evaluating 100 Si lines each cycle. Similariy, the 30-Si program was 
conducted by evaluating 300 Si lines and intemnating the best 30 Si lines each cycle. For all four Si 
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programs, a constant selection intensity of 20% was maintained. Selection of progenies for 
intermating fiiom the replicated yield trials was based on an index (Smith et al., 1981a, b) of grain 
yield, grain moisture at harvest, and resistance to root and stalk lodging. Index selection was used in 
all programs except for the first two cycles of 5-Si, 10-Si, and 30-Si where selection was conducted 
only for grain yield adjusted to 155 g kg'^  grain moisture. The cycle 5 (C5) population of the 5,10, 
20, and 30 Si programs will be referred to as C5-5, C5-10, C5-20, and C5-30, respectively. 
In 1993, seeds from the BS11C0 and C5 populations of each Si program were planted in 
the breeding nursery and plants were randomly selfed to produce Si lines. One hundred BS11C0 Si 
lines and 150 Si lines for each selected population were produced. In 1994, the Si lines were top-
crossed to a common tester, BS1 ICO. Top-crossing was done in isolation plots such that there were 
four Si lines as female rows to two male BS1 ICO rows. Oetasseling was done on the Si lines and = 
10 ears from each Si line were harvested. Equal quantities of seed was bulked from each ear to 
produce a half-sib family. One hundred half-sib progenies for BS11C0, and 130 for the C5 of each 
selected population were produced for a total of 620 half-sib progenies. 
Evaluation procedures and data collection 
The 620 entries (half-sib progenies) were divided into 10 sets. There were 62 entries within 
set, i.e. 10 BS1 ICO top-crosses and 13 C5 top-crosses of each selected population. The entries 
were replicated twice and replications were nested within sets. The half-sib progenies were 
evaluated in replications-within-sets randomized incomplete block design at three locations (Ames, 
Crawfordsville and Carrol, lA) in 1995 and 1996. However, the Crawfordsville location in 1996 was 
discarded due to severe water-logging. Each location-year combination was considered as an 
environment for a total of five environments. A plot consisted of two rows, 5.49 m long with 0.76 m 
t)etween rows. All plots were over-planted by machine and thinned to a uniform stand density of 
approximately 62,124 plants ha'^  at the five-leaf stage. All yield trials were machine cultivated 
and/or hand weeded as necessary. Plots were machine harvested without gleaning for dropped ears. 
Data collected on plots were machine harvestable grain yield (Mg ha'^ ) adjusted to 
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155 g kg"^ grain moisture (g kg'^ ) at harvest, final stand (M plants ha"^), root lodging (percentage of 
plants leaning more than 30° from vertical), stalk lodging (percentage of plants broken at or below 
the primary ear node), dropped ears (%), plant and ear heights, and silk emergence. Plant and ear 
heights were recorded as the average measurement of 5 random plants in a plot measured as the 
distance from the ground to the node of the flag leaf and to the highest ear bearing node, 
respectively. Silk emerigence was measured as growing degree units (GDU) in °C from planting until 
50% of the plants in the plot have emerged silks. GDU (°C) were calculated as: [(daily maximum 
temperature + daily minimum temperature)/ 2] -10 °C, where the minimum and maximum limits for 
calculation purposes were 10 and 30 °C, respectively (Shaw, 1988). Grain yield, grain moisture, 
stand, plant and ear heights, root lodging, stalk lodging, and dropped ears were recorded at all 
environments. Silk emergence was recorded at the Ames location only. 
Theory 
Helms et al. (1989) used a two-allele-per-locus model to simplify the model developed by 
Smith (1979,1983) that evaluates the relationship between the change in the mean and 
changes of allelic frequences in improved populations. Helms et al. (1989a) expressed the 
expectations of the mean of the populations in a recurrent selection program as follows: 
Populations Genetic exoectations 
COL AOI + 2D01 
COL self AOI + DOI 
C„L AOI + 2D0I + 2ALI(n) + 2DLI(n) + 2DQI(n^) 
COL X CNL AOI + 2D0I + ALI(n) + DLI(n) 
The population subjected to recurrent selection was referred to as I. The Co represents the original 
population before the start of the recun^nt selection program. The n denotes the cycle of selection 
such that Cn refers to the n"* cycle of selection. In deriving the genetic expectations, Helms et al. 
(1989) designated the frequency of the favorable allele in population I as p. The average change in 
the frequency of the favorable allele over cycles was denoted as A p. Using Falconer's (1960) 
notation. Helms et al. (1989) represented the genotypic values of the homozygous favorable. 
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heterozygote, and homozygous unfavorable genotypes as a, d, and -a, respectively. The genetic 
parameters of the expectations were described by Helms et al. (1989) as follows: 
AOI = Z (2p-1)a + // = mean of a base genotype plus the intercept of homozygous 
contribution; // is the contribution to the mean of those loci that are fixed in the population in one 
allelic form. 
DOI = Z p(1-p)d = the effect due to heterozygous lod in the CqI population. 
ALI = Z A pa = partial linear regression coefficient due to the contribution of homozygous 
lod regressed on cycles of selection. 
DLI = E A p(1-2p)d = partial linear regression coeffident due to contributions of 
heterozygous loci regressed on cydes of selection. 
DQI = Z (Ap)^d = the partial quadratic regression coeffident of heterozygous contributions 
regressed on cydes of selection. 
From these parameters, the expectation of the mean of the CO x CO for a one-locus-two-
allele case in our study is, {Z (2p-1)a + // + 2[Zp(1-p)dI}. The genetic expectation of the mean for 
a C5 topcross population is {Z (2p-1)a + // + 2[Z p(1-p)d| + 5[Z A pa + Z A p(1-2p)dl}. The 
expedation of the C5 topcross mean is a function of A p which varies among the seleded 
populations. When A p is zero then the expectation equals that of the CO topcross implying the 
ineffediveness of seledion. 
The genetic expedation of the variance among the half-sib progenies from each of the four 
seleded populations is complicated by the fad that the C5-5, C5-10, C5-20, and C5-30, which were 
used as females in the topcross, have presumably undergone changes in allele frequency due to 
seledion and drift, whereas the male in the topcross had not undergone a change in allele frequency. 
For CO, the resulting progeny from the topcross are simply half-sib families. 
The genetic expedation of the variance among half-sib families can be derived by modifying 
the genetic variance among testcross progeny, \/(TC) = 1 / 2p(l - p)[a + (1 - 2r)d]^, where p is 
the frequency of the favorable allele in the population being tested and r is the frequency of the 
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favorable allele in the tester. Because our tester population was the original population that selection 
was initiated in r = p and we can sut)stitute p + ^  for p to account for changes in allele frequency 
due to selection and drift. Making these substitutions and rearranging we find that the variance 
among half-sibs in our study can be expressed as 
Cov(flS) = i[p(l - P) + ^ (1 - 2^) - Ap' ][a + a - 2pW 
=^fAP(l - 2?) - Ap'lf"+(1 -
4 2 
When 4p = 0, this equation reduces to the variance among intrapopulation half-sib families as it 
should for the CO topcrosses. 
In Fig. 1a, the variance among testcrosses is plotted against the change in allele frequency 
and the allele frequency {p) for the case of complete dominance. Note that when dp = 0, the 
shape of the curve is just the standard plot of additive variance against allele frequency. The 
important point to note is that the largest changes in additive variance occur at loci with allele 
frequencies less than 0.5. 
In Fig. 1b, the percentage change in variance is plotted against Jp and p for the case of 
complete dominance. Note that when 4p = 0, there is no change in variance as expected. 
Assuming that selection always produces 4? > 0, then selection at lod with initial allele frequencies < 
0.45 will cause an increase in additive variance followed by decreasing additive variance as 
frequencies approach fixation. Selection at loci with initial allele frequendes > 0.45 will cause a 
continuous decrease in additive variance until fixation of allele frequendes. Genetic drift would 
offset any effects of selection and produce unpredictable changes in variance at individual lod. 
Statistical analysis 
The progeny means in each population were tested for normality using the Shapiro-Wilk W 
test statistic (Shapiro and Wilk, 1965). Progeny means calculated over environments were used to 
construct distribution histograms in each population for each trait. Distances between dass intervals 
were one-half the phenotypic standard deviation of the BS11C0 topcross population. Coeffidents of 
25 
skewness and kurtosts were also calculated for all populations (Snedecor and Coctiran, 1989). 
When the sample population has a normal distribution, the coeffidents of skewness and kurtosis are 
approximately distributed around the mean zero with a standard deviation of (6/n) '^^  and (24/n) 
respectively. Significant skewness values imply a tail longer than would be expected under the 
assumptions of nonmality. Positive coefficient of skewness indicate an elongated upper tail while 
negative values imply an elongated lower tail. Significantly positive values for kurtosis coeffidents 
indicate a distribution with elongated tails and significantly negative values for kurtosis coeffident 
indicate a flat-topped distribution. 
The analysis of variance for each trait was done by pooling over sets and combining across 
environments in the general analysis with all effects in the model considered random. The sum of 
squares of populations (or entries), population x environment (P x E), and pooled error were 
partitioned into sources of variation due to within and among populations. The among population 
sums of squares was further partitioned into all possible contrasts among the five population means. 
Contrast within sets mean squares were tested for significance using the corresponding interaction 
with environment mean squares. Within-population error mean squares and among-population error 
mean squares were used to test the significance of the within-population by environment and among 
populations by environment mean squares, respectively. The within and among population mean 
squares were tested for significance using the appropriate interaction mean squares. 
The covariances of relatives calculated from the combined analysis of variance were 
translated into appropriate genetic components of variance. Variance within-population equals 
covariance half-sibs with the genetic expectation given in the theory section. Approximate 90% 
confidence intervals were calculated for the additive genetic, additive x environment, and phenotypic 
variance estimates using the procedures of Burdick and Graybill (1992). Heritability estimates and 
their exact 90% confidence intervals (Knapp and Bridges.1987) were estimated on a half-sib progeny 
mean basis. Variance components and heritability estimates were significantly different from zero if 
their confidence intervals did not bracket zero. Differences between populations for estimates of 
variance components and heritability were declared significant if their confidence intervals did not 
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overlap. Additive genetic and phenotypic correlations among traits within population were calculated 
as additive or phenotypic covariance estimates divided by the square root of the product of ttie 
additive variance or the phenotypic variance estimates of two traits, respectively (Mode and 
Robinson, 1959). 
Results 
Six environments were originally planned for this study but the Crawfordsville location in 
1996 was discarded due to severe water logging as a result of excessive rainfall. Among the five 
environments that remained, the Ames location in 1995 yielded the highest (6.29 Mg ha'^ ), and the 
Carroll location in 1995 yielded the lowest (4.49 Mg ha'^ ). The mean and coefficient of variation for 
grain yield combined across environments were 5.67 Mg ha'^  and 14.5%, respectively. Experiments 
at Carroll in 1995 and 1996 experienced severe stalk lodging. Silks emerged 48.3 GDU (°C) eariier 
in 1995 compared with 1996. 
Frequency distributions and test for normality 
All topcross populations were normally distributed for grain yield (Table 2). Relative to the CO 
population, there was a reduction in the range of distribution of the selected populations (Fig. 2). The 
CO population had a distribution with an elongated upper tail. The C5-5 and C5-20 populations have 
slightly elongated upper tails while the C5-30 population had a slightly elongated lower tail. The C5-
10 population neither showed elongated nor flat-topped distribution. The CO population was normally 
distributed for moisture, and it was only C5-5 that was not normal among the selected populations. 
The C5-10 population had a slightly elongated upper tail while C5-20 and C5-30 populations have 
slight elongated lower tail. The magnitude of the kurtosis estimates among the nonmally distributed 
populations for grain moisture were not significant and pronounced elongated or flat-topped 
distribution patterns were not observed. 
The frequency distributions for root lodging and dropped ears deviated significantly from 
normality for all topcross populations. The CO population had a normal distribution with a slightly 
elongated upper tail and flat-topped characteristic for stalk lodging. Among the selected populations. 
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it was only C5-30 that showed a normal distribution for stalk lodging with a slightly elongated upper-
tail. 
All populations had normal distribution for plant height except for the C5-30 population. The 
C5-20 population had an elongated lower tail with C5-5 and C5-10 populations exhibiting a slight tail 
elongation in the same direction. The negative kurtosis estimates for plant height of the C5-5 and 
C5-20 populations were not significant to reveal flat-topped distribution patterns. All populations 
exhibited nonnal distribution for ear height. Frequency histograms did not show pronounced 
skewness in either direction among populations. Although the kurtosis estimates of the CO, C5-5, 
C5-20, and C5-30 populations were negative, they were not significant enough to observe a flat-
topped distribution pattern in their respective histogram. The C5-10 population on the other hand had 
a significant positive kurtosis estimate revealing a longer than normal tail in its frequency histogram. 
The CO and C5-10 populations had normal distributions while the rest of the populations 
were not normal for the numtjer of GDU (°C) required to reach mid-silk. Frequency histogram of the 
nonnal populations did not show elongated or flat-topped distribution. 
Means and analysis of variance 
Mean grain yield averaged across environments ranged from 5.18 (CO) to 5.96 Mg ha"^ (C5-
10) (Table 3). Among the selected populations. C5-20 had the lowest mean grain yield (5.66 Mg 
ha^). The 10-Si program showed the highest gain cycle'^  of 0.16 Mg ha'^  with the 30-Si program 
producing the second highest in yield at 0.13 Mg ha"^ cycle'\ The program that used the smallest 
effective population size, 5-Si, had a higher gain cycle"^ compared with the 20-Si program. The CO 
population had the highest CV (%) among the populations while the selected populations had 
relatively low and comparable CVs for grain yield. Combined analysis of variance (not shown) 
revealed highly significant (P< 0.01) variation within all populations. Contrasts showed highly 
significant differences lietween the CO and the selected populations. Highly significant and significant 
(P< 0.05) differences were also obtained for the C5-10 vs. C5-20 population, and C5-10 vs. C5-30 
population, respectively. The yield of C5-5 was comparable to C5-10, C5- 20 and C5-30 and there 
was no significant difference t)etween the yields of C5-20 and C5-30. The P x E interaction was 
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significant for all selected populations except for the C5-20 population. A significant P x E 
interaction implies that the perfonnance of the populations was not consistent across environments. 
Likewise, all Contrast x E interactions for grain yield were highly significant except for the CO vs. C5-
5 suggesting the presence of inconsistencies of those comparisons across environments. 
Grain moisture ranged from 232 (C5-10 and C5-20) to 240 g kg'^  (CO). The 10-Si and 20-Si 
programs showed the greatest reduction in grain moisture with 2 g kg'^  cycle d The 5-Si exhibited 
the smallest reduction in moisture with 1 g kg'^  cycle d Reduction in grain moisture for the 30-Si 
program was 1.5 g kg'^  cycle'V Estimates of coefficient of variation were low and comparable 
among populations. There were highly significant variation among progenies within each population 
for moisture. Contrasts revealed significant differences between the CO population and the selected 
populations. Moisture content in the C5-5 population was not significantly different from that of C5-
20 but was significantly different from that of C5-10 and C5-30. Although contrasts showed 
significant differences among C5-10, C5-20, and C5-30, these differences were not agronomicaliy 
significant. The P x E interaction was significant in ail populations. Moisture content in the 
populations varied considerably across environments. 
Root and stalk lodging traits decreased significantly in all Si programs. Root lodging ranged 
from 0.3 (C5-20) to 2.6% (CO), and stalk lodging, from 13.2 (C5-20) to 17.3% (CO). Reduction in root 
and stalk lodging were highest in the 20-Si program with 0.8 % and 1.6 % cycle ', respectively. The 
other three Si programs showed equivalent decrease in root lodging of = 0.5 % cycle d The 5-Si 
program exhibited the least reduction in stalk lodging with 1.2 % cycle"^ while the 10-Si and 30-Si 
programs had comparable gains. High coefficient of variation estimates were observed in all 
populations which is typical of lodging traits. Combined analysis of variance revealed highly 
significant variation within CO, C5-5, C5-10, and C5-30 for root lodging and within all populations for 
stalk lodging. Contrasts for root lodging showed that the C5-5 population was not significantly 
different from either the C5-10 or C5-30 populations but was significantly different from the C5-20 
population for root lodging. Although contrasts showed significant differences among the selected 
populations for stalk lodging, these differences were not agronomicaliy significant. The P x E 
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interaction was significant in ail selected populations for root lodging. The P x E interaction for stalk 
lodging was highly significant for all selected populations except the C5-20 population. 
Dropped ears ranged from 0.9 (C5-10) to 1.5% (C5-5). Analysis of variance showed highly 
significant variation within the C5-20 population as well as significant variation within C5-5 and C5-30 
populations. Contrasts indicated that CO was significantly different from C5-5, C5-10, and C5-20. 
The percentage of dropped ears for C5-5 was significantly greater than the other three selected 
populations. The difference between the C5-10 population and C5-20 was not agronomically 
significant. A significant P x E interaction was obtained for CO only. 
The C5-5 population exhibited the tallest plant and ear heights while the C5-20 population was 
the shortest for both traits. The CO population had significantly taller plant and ear heights than the 
selected populations. Although contrasts revealed significant differences among C5-10, C5-20 and 
C5-30 for plant and ear heights, there were no differences agronomically between C5-20 and C5-30. 
Significant variation within population but no significant P x E interactions were found for both traits 
for all populations. The number of GDU (°C) required to reach mid-silk was highest in the CO 
population while the lowest was observed in the C5-20 population. The number of GDU (°C) required 
to reach mid-silk decreased significantly in all Si programs. The C5-5 population had a significantly 
higher GDU (°C) among the selected populations. The number of GDU (°C) required to reach mid-
silk of the C5-20 population was significantly different from the C5-10 and C5-30 populations. 
Significant variation within population was detected for all populations but significant P x E 
interaction was obsen/ed for the C5-5 population only. 
Variance and heritability estimates 
All estimates of the variance and heritability for grain yield were significantly different from 
zero except for the Additive x Environment (A x E) variance of the C5-20 population (Table 4). The 
additive genetic variance estimate for grain yield ranked C5-5 > C5-20 > CO > C5-30 > C5-10, 
however, differences among populations were not significant. The A x E variance estimates were 
less than the corresponding additive genetic variance estimates in the selected populations. The A x 
E variance estimate for C5-20 was significantly less than the CO population. Phenotypic variance 
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estimates for grain yield were not significantly different among populations, l-ientability estimates 
ranked C5-20 > C5-5 > C5-30 > CO > C5-10 but the differences among the populations were not 
significant. 
The variance and heritabiiity estimates for grain moisture were significantly different from 
zero for all populations. Estimates of additive genetic variance ranked CO > C5-20 > C5-10 > C5-30 
> C5-5 with the CO population significantly different from C5-5 but not from the other selected 
populations. The additive genetic variance estimates among the selected populations were not 
significantly different. The A x E and phenotypic variance estimates were not significantly different 
among populations. Heritabiiity estimates for grain moisture were large and ranked C5-20 > CO > 
C5-10, C5-30 > C5-5 but differences among populations were not significant. 
Of the 15 variance and 5 heritabiiity estimates for root lodging, only the additive genetic 
variance and heritabiiity estimate of the C5-20 population was not significantly different from zero. 
The additive genetic variance estimate of the CO population was significantly greater than the 
selected populations. Among the selected populations, C&-30 had the largest additive variance 
estimate but was not significantly different from C5-5 and CS-10. The C5-20 population had a 
significantly smaller additive genetic variance estimate than the other selected populations. The C5-
20 population had the smallest A x E variance estimate and was significantly different from C5-30; 
the C5-5, 05-10, and C5-20 A x E variance estimates were not significantly different from each 
other. The CO population had a significantly larger phenotypic variance estimate than the selected 
populations. The phenotypic variance estimate of the C5-20 population was significantly different 
from the other selected populations. Heritabiiity estimate of the CS-30 population was significantly 
greater than the C5-20 population: there were no significant differences among C5-5,C5-10, and C5-
30. Heritabiiity estimates for root lodging were not significantly different among C5-5, 05-10, and 
05-20. 
For stalk lodging, all variance and heritabiiity estimates were significantly different from zero, 
except for the Ax E variance component of the 05-20 population. The additive genetic variance 
estimate of the CO population was significantly greater than the 05-10 and 05-20 populations. 
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Additive genetic variance estimates among the selected populations were not significantly different. 
The A X E variance and heritability estimates among populations were not significantly different. 
Phenotypic variance estimates of the C5-10 and C5-20 populations were significantly less than the 
CO population but there were no significant differences among the selected populations. 
Six variance and two heritability estimates for dropped ears were not significantiy different 
from zero. Additive genetic variance. A x E variance, phenotypic variance, and heritability estimates 
for dropped ears were not significantiy different among populations. For plant and ear heights, the 
additive genetic variance, phenotypic variance, and heritability estimates were significantiy different 
from zero for all populations. The A x E variance estimates were not significantiy different from zero 
for both traits in all populations. For plant height, additive genetic variance estimates among CO, 
C5-10, C5-20, and C5-30 were not significantly different but all were significantly greater than C5-5. 
Additive genetic variance estimates for ear height ranked CO > C5-30 > C5-20 > C5-10 > C5-5 but 
there were no significant differences among C5-10, C5-20, and C5-30. Additive genetic variance 
estimate of C5-30 was significantly greater than the C5-5 population for ear height. There were no 
significant differences among the selected populations, for phenotypic variance estimates for both 
plant and ear heights but the C5-5 population was significantiy different from the CO. Heritability 
estimates were large for plant and ear heights but there were no significant differences among the 
populations. 
The additive genetic variance, phenotypic variance, and heritability estimates for the number 
of GDU (°C) required to reach mid-silk were significantly different from zero in all populations. 
Except for the C5-5 population, all A x E variance estimates were nonsignificant. Additive genetic 
variance estimate of the CO population was not significantly different from either C5-10 or C5-30 but 
was significantly greater than the C5-5 and C5-20 populations. The C5-30 population had a 
significantly greater additive genetic variance estimate than the C5-5 and C5-20 populations; 
estimates of the additive genetic variance among C5-5, C5-10, and C5-20 were not significantly 
different. The difference between the additive genetic variance estimates of C5-30 and C5-10 was 
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not significant. Phenotypic variance and heritability estimates were not significantly different among 
populations for silk emergence. 
Correlations 
Phenotypic correlations of grain yield with other traits ranged from -0.38 to 0.42 (Table 5). 
Among the selected populations, a significant negative phenotypic conrelation of grain yield with stalk 
lodging was observed in C5-10 and with dropped ears for C5-5. A significant positive phenotypic 
correlation of grain yield with plant height was observed in all selected populations except in the C5-
5 population. Grain moisture had significant positive phenotypic correlation with silk emergence in 
all populations. Positive phenotypic correlation of stalk lodging with ear height was significant in 
selected populations only. There was significant positive phenotypic correlation among silk 
emergence and plant and ear heights in all populations. Dropped ears was positively correlated with 
ear height in all selected populations except in the C5-5 population. There was no clear trend 
observed in phenotypic correlation among traits that could be unique to a selected population. 
Positive additive genetic conflations in all populations between grain moisture and root 
lodging, root and stalk lodging, silk emergence and grain moisture, and between silk emergence and 
dropped ears were observed. Negative additive genetic correlation between stalk lodging and grain 
yield as well as between stalk lodging and grain moisture were observed in all populations. There 
was no trend observed among the selected populations for additive genetic conrelation between any 
two traits. 
Discussion 
The design of our study allowed us to determine the magnitude of additive genetic variance 
after five cycles of Si-progeny selection using four effective population sizes but with a constant 
selection intensity. There has been an interest in establishing adequate effective population size in 
maize recurrent selection programs due to the loss of genetic variance and inbreeding depression 
resulting from small effective population sizes. The loss of favorable alleles limits the gain that can 
be attained by selection. Smith (1979,1983), Helms et al. (1989), Keeratinijakal and Lamkey (1993), 
and Holthaus and Lamkey (1995) underscored the importance of genetic drift on the response of the 
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population per se to recurrent selection. Nonresponsiveness or lack of observed gain of the 
population perse to recurrent selection was generally attributed to inbreeding depression assodated 
with genetic drift. However, the use of larger effective population sizes may reduce additional allelic 
frequency drift in future cycles of selection (Smith, 1979). 
Any progeny selection method could have been used to evaluate the impact of effective 
population size. However, Si-progeny selection offers the simplest approach by not using tester 
populations in evaluating individuals for intermating and it requires a season less than the S2 
method. The use of test crosses by half-sib and full-sib recurrent selection methods requires 
additional resources. With regards to the genetic structure of the evaluated populations, topcrossing 
the CO and C5 populations to BS11C0 produced half-sib families, which provide an estimate of the 
additive genetic variance unconfounded by dominance. In the absence of additive x additive (A x 
A) epistatic variance, the genetic variance of the half-sibs is entirely attributed to the additive genetic 
variance. Thus, topcrossing to the CO gives a direct estimate of the additive genetic variance. The 
inclusion of the CO x CO topcross enabled us also to observe the change in additive genetic variance 
from CO to C5. 
Topcrossing to the CO removed the effect of genetic drift from our population means. 
Topcrossing restores heterozygosity to those loci that may have become fixed in the population by 
drift. Population means do not include the DQI term which measures the effects of genetic drift 
(Smith, 1979,1983; Helms et a!., 1989). The genetic expectation of the topcrosses to CO is AOI + 
2DOI + n(ALi + DLI). Regression or perse means estimates AOI + 2DOI + 2n(ALI + DLI) + 2n^DQI. 
Expectation of the direct response to selection is AOI + 2DOI + 2 (ALl + DLI). Doubling the 
responses obtained from crossing to CO will give an estimate of the expected response adjusted for 
genetic drift. 
Although the testcrosses to the CO do not represent direct response, the increase in grain 
yield was higher with smaller effective population size. Response per cycle for grain yield was largest 
for the 10-S1 program, and the 5-Si was comparable to the 20-S1 and 30-Si programs. Response 
per cycle for grain moisture, root lodging, and stalk lodging for each Si program was calculated 
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based on the number of cycles of selection conducted on those traits. For grain moisture and stalk 
lodging, better response was obtained in the 20-Si program while the 10-S1 and the 30-Si programs 
showed more favorable response than the 5-Si program. The 5-Si, 10- Si, and 30-Si programs gave 
comparable response for root lodging. The selection programs for increased grain yield, reduced 
grain moisture, reduced root lodging, and reduced stalk lodging also resulted in significant changes 
in other traits. The number of GDU (°C) required to reach mid-silk decreased significantly in all four 
Si programs. The three larger effective population size programs showed greater reduction for 
dropped ears as well as in plant and ear heights than the 5-Si program. 
In a related study, Weyhrich et al. (1998) evaluated the So population perse, the Si 
population per se, and the testcrosses to the CO for all cycles of selection of each effective 
population size. The Si populations per se represent the direct response to Si progeny selection. 
For the So population perse, Weyhrich et al. (1998) found that the IO-S1 (0.15 Mg ha"^ cycle"^), 20-
Si (0.09 Mg ha'^  cycle'^ ), and 30-Si (0.13 Mg ha'^  cycle'^ ) programs resulted in a significant increase 
in grain yield and the responses for these three selection programs were not significantly different 
from each other. There was a significant decrease in grain yield of -0.22 Mg ha'^  cycle'^  in the 5-Si 
program. In the populations per se selfed, they reported a significant increase for grain yield for the 
10-S1,20-S1, and 30-Si programs, but a significant decrease of -0.11 Mg ha"^ cycle"^ was reported for 
the 5-Si program. Our results agree with Weyhrich et al. (1998) for the testcrosses to the CO in which 
all Si programs showed significant increase in grain yield. Although they found greater response for 
grain yield in the 30-Si program, the 5-Si and 20-Si programs had comparable responses which was 
consistent with our findings. The difference between the result of the So and Si populations per se 
and the crosses to the CO for the 5-Si program in the study of Weyhrich et al. (1998) is evidence of 
genetic drift. Despite evidence of substantial inbreeding depression due to genetic drift, genetic 
progress for grain yield has t)een made in the 5-Si program as indicated by the crosses to the CO. 
We found that additive genetic variance for grain yield did not decrease in the 5-Si program after 
five cycles of selection despite the evidence from Weyhrich et al. (1998) for inbreeding depression 
caused by genetic drift. 
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Our data agree with the conclusion of Weyhrich et al. (1998) that intermating an additional 
10 or 20 progenies do not contribute enough favorable alleles to the population to have an impact on 
the short-tenm response. Weyhrich et al. (1998) suggested that response could be increased by 
increasing selection intensity for a given population size. The results of our study also agree with the 
conclusions of Baker and Cumow (1969) and of Brim and Burton (1979). Baker and Cumow (1969) 
showed that there is little to be gained in going beyond an effective population size of 16 when the 
issue of interest is the progress to be realized in a reasonable number of generations. Brim and 
Burton (1979) concluded that reduced effective population size and number of lines tested per cycle 
had little effect on progress. For the populations used in their study, Brim and Burton (1979) infen^ 
that the use of larger effective population size over the short-term was unwarranted. On the other 
hand, Frankham et al. (1968) found that greater responses to selection were obtained by larger 
effective population sizes at the same selection intensity. The differences in results could be 
attributed to the number of cycles the response was evaluated (Weyhrich et al., 1998). Frankham et 
al. (1968) evaluated response over 12 cycles whereas response in our study and that of Weyhrich et 
al. (1998) was observed only for 5 cycles. 
The within population sources of variation suggested that significant genetic variation was 
present in each selected population for all traits except in root lodging and dropped ears in the C5-20 
and C5-10 populations, respectively. Significant genetic variation implies that improvement of the 
traits may still be possible in those populations. Interestingly, additive genetic variance did not 
decrease for the primary trait (grain yield) after selection in all programs. This was contrary to the 
results of Reeder et al. (1987) who observed a decrease in additive genetic variance and dominance 
variance for grain yield in BS11 after 6 cycles of reciprocal full-sib selection with BS10. Holthaus 
and Lamkey (1995) also found a decrease in the additive genetic variance for grain yield after 11 
cycles of reciprocal recurrent selection in the BSSS maize population and after 6 cycles of S2 
progeny selection in the BS13 maize population. Our results do not confomn with the findings of 
Labate et al. (1997) who found a decrease in genetic variation at molecular marlcer lod within BSSS 
(R) and BSCBI(R) after 12 cycles of redpracal recurrent selection. The discrepancy between our 
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results and those of Reederet al. (1987), HoKhaus and Lamkey (1995), and Labate et al. (1997) may 
be due to the number of cycles of selection completed. 
After five cycles of selection, the expected level of inbreeding in the 5-Si program was five 
times greater than the 30-Si program (Table 1). With this magnitude of inbreeding, additive genetic 
variance should have decreased significantly in the smaller effective population size programs 
particularly in the 5-Si program according to the classical theory of genetic drift (Wright, 1931,1951; 
Crow and Kimura 1970; Nei et al., 1975). Theoretical studies have shown that genetic variance 
decreases with small population size or after a 'population bottleneck* due to genetic drift. Genetic 
drift results in fixation of alleles which is the basis of genetic unifomiity. Empirical results obtained 
by Kerr and Wright (1954), Wright and Kerr (1954), and Buri (1956) agree with the classical 
expectations of genetic drift. However, Bryant et al. (1986) emphasized that such results apply only 
to single or independent loci with additive genetic effects. A population bottleneck may not decrease 
additive genetic variance if the individual effects of alleles do not operate in such a purely additive 
manner (Bryant and Meffert, 1993). The classical model of genetic drift does not consider either 
intra-allelic interactions (dominance or overdominance) or inter-locus interactions (linkage, epistasis). 
Robertson (1952) was the first to discover that genetic variation due to recessive alleles may 
increase temporarily due to inbreeding. Cockerham and Tachida (1988), Tachida and Cockerham 
(1989), and Jiang and Cockerham (1990) theoretically demonstrated that additive genetic variance 
can increase after a population bottleneck with dominance among alleles even though the loci 
controlling the trait combine additively. The contribution of epistasis to the increase in additive 
genetic variance following a population bottleneck was also theoretically shown by Cockerham and 
Tachida (1988), Goodnight (1987,1988), and Chevenjd and Routman (1996). The A x A epistatic 
variance is transfomied into additive genetic variance following a founder event (Goodnight, 1987, 
1988). Empirical results of Bryant et al. (1986), and Bryant and Meffert (1993) support the 
theoretical expectations of increase in additive genetic variance with small population size. Hence, 
the comparable magnitude of the additive genetic variance estimates among the selected 
populations for grain yield, grain moisture, root lodging, stalk lodging, and dropped ears in our study 
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may be due to the conversion of non-additive genetic variance into additive genetic variance in the 
smaller effective population size programs. However, Cheverud and Routman (1996) noted that 
there is a limit to the increase in additive genetic variance such that after the maximum limit is 
reached, it will decrease dramatically in the smaller population due to fixation. The loss of additive 
genetic variance due to fixation would also occur eariier for populations with smaller sizes (Cheverud 
and Routman. 1996). Therefore, the increase in additive genetic variance with small effective 
population size is likely to occur only with short-term selection. 
Another plausible explanation for the increase in additive genetic variance for grain yield in 
the 5-Si program is that favorable alleles may be at very low frequencies initially in the BS11C0. If 
that is the case, then the additive genetic variance should increase regardless of the effective 
population size unless selection is so ineffective that genetic drift is the predominant force altering 
gene frequency. For plant and ear heights, although the additive genetic variance estimates among 
C5-10, C5-20, and C5-30 were not significantly different, the estimate of C5-30 was significantly 
greater than the C5-5. Similariy for the number of GDU (°C) required to reach mid-silk, C5-30 was 
significantly greater than C5-5 but there were no significant differences among C5-5, C5-10, and C5-
20. For these traits, there may not be significant transformation of non-additive genetic variance to 
additive genetic variance due to limited intra or inter-allelic interactions in the program that used the 
smallest effective population size. The strength of selection for those traits is also probably not as 
strong as for the main traits. 
Based on the results of our study we conclude that the use of smaller effective population 
size would not compromise genetic progress in a short-term maize breeding program. Genetic drift 
may not necessarily result in an immediate and drastic decrease in genetic variance. The results of 
our study suggest little to no advantage of using larger effective population size to maintain genetic 
variability for short-tenn recurrent selection. 
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Table. 1. Summary infomiation for the effective population size study. 
Numt}er Number Expected 
Population Abbreviation intemiated evaluated level of 
name of population each cycle each cyde inbreeding 
BS11C0 CO _ _ _ 
BS11C5(5-SI) C5-5 5 25 0.38 
BS11C5(10-SI) C5-10 10 50 0.22 
BS11C5(20-SI) C5-20 20 100 0.12 
BS11C5(30-SI) C5-30 30 150 0.08 
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Table 2. Shapiro-Wilk (\/\/) test of normality and estimates of skewness (S) and 
kurtosis (IQ for the ft^uency distributions of eight traits of CO Si topcross, and 
05 Si topcross populations combined across five environments. 
Trait Topcross population W S K 
Grain yield CO 0.98 0.53* 2.67 
(Mg ha'^ ) C5-5 0.98 0.14 -0.34 
C5-10 0.99 -0.04 -0.01 
C5-20 0.98 0.08 0.33 
C5-30 0.98 -0.36 0.25 
Grain moisture CO 0.97 0.14 -0.36 
(g kg"*) C5-5 0.97* -0.39 0.58 
C5-10 0.97 0.46 0.23 
C5-20 0.98 0.18 -0.26 
C5-30 0.97 -0.49 0.09 
Root lodging (%) CO 0.68 - 3.26 14.50 
C5-5 0.80** 1.46 2.69 
C5-10 0.49 ** 1.33 3.20 
C5-20 0.46** 1.65 0.72 
C5-30 0.78 ** 1.90 5.49 
Stalk lodging (%) CO 0.98 0.27 -0.02 
C5-5 0.96** 0.46 -0.09 
C5-10 0.96** 0.52 -0.06 
C5-20 0.96 ** 0.75 0.98 
C5-30 0.97 0.42 0.10 
Dropped ears (%) CO 0.85 ** 0.45 0.39 
C5-5 0.87** 0.08 -0.16 
C5-10 0.66 ** 3.21 19.38 
C5-20 0.81 - 0.62 1.52 
C5-30 0.82** 1.10 3.18 
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Table 2. (continued) 
Trait Topcross population W S K 
Plant height (cm) CO 0.99 0.01 -0.10 
C5-5 0.98 0.00 -0.12 
C5-10 0.98 -0.06 0.34 
C5-20 0.98 -0.20 • -0.22 
C5-30 0.97 • -0.56 0.24 
Ear height (cm) CO 0.98 -0.21 -0.02 
C5-5 0.98 0.25 0.01 
C5-10 0.98 0.28 0.72 
C5-20 0.97 -0.15 -0.48 
C5-30 0.98 -0.20 -0.32 
Silk emergence ^ CO 0.97 -0.30 -0.09 
(GDU °C) C5-5 0.95 " -0.67 0.05 
C5-10 0.97 -0.23 -0.24 
C5-20 0.96 " -0.08 0.78 
C5-30 0.97* -0.17 -0.63 
*, •• Significant at the 0.05 and 0.01 probability levels, respectively. 
^Evaluated at two environments. 
44 
Table 3. Mean, error variance and coeffident of variation (CV) for yield and 
other agronomic traits of the CO Si topcross, and the C5 Si topcross of each 
selected population combined across five environments. 
Topcross 
Trait population Mean+ S.E. ± S.E. CV(%) 
Grain yield CO 5.18 + 0.02 0.47 + 0.03 13.2 
(Mgha"') C5-5 5.74 + 0.02 0.46 + 0.03 11.8 
C5-10 5.96 + 0.02 0.49 + 0.03 11.8 
C5-20 5.66 + 0.02 0.49 + 0.03 12.4 
C5-30 5.81 + 0.02 0.47 + 0.03 11.8 
Grain moisture CO 240 + 0.41 168.34 + 10.14 5.4 
(g kg"^) C5-5 236 + 0.32 134.96 + 7.79 4.9 
C5-10 232 + 0.32 132.64 + 7.65 4.9 
C5-20 232 + 0.32 129.19 + 7.45 4.9 
C5-30 233 + 0.31 124.78 + 7.19 4.8 
Root lodging (%) CO 2.6 + 0.11 12.30 + 0.82 136.9 
C5-5 1.1 ± 0.06 5.30 ± 0.31 212.4 
C5-10 1.0 + 0.06 4.10 + 0.24 203.8 
C5-20 0.3 + 0.02 0.70 + 0.04 297.7 
C5-30 1-1 ± 0.06 4.70 + 0.27 195.8 
Stalk lodging (%) CO 17.3 + 0.22 46.80 + 3.11 39.6 
C5-5 13.8 + 0.15 30.90 + 1.78 40.3 
C5-10 13.2 + 0.15 29.30 + 1.69 41.1 
C5-20 12.5 + 0.16 33.20 ± 1.91 46.1 
C5-30 13.3 + 0.16 33.30 + 1.92 43.5 
Dropped ears (%} CO 1.3 + 0.06 4.20 + 0.28 154.4 
C5-5 1.5 + 0.06 4.10 + 0.24 134.3 
C5-10 0.9 + 0.06 4.90 + 0.28 255.9 
C5-20 1.1 + 0.05 3.10 + 0.18 162.9 
C5-30 1.1 + 0.06 4.10 + 0.24 183.5 
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Table 3. (continued) 
Topcross 
Trait population Mean+ S.E. ± S.E. CV(%) 
Plant height (cm) CO 234 + 0.32 101.70 + 6.76 4.3 
C5-5 237 + 0.27 97.40 + 5.61 4.2 
C5-10 226 + 0.29 116.90 + 6.74 4.8 
C5-20 220 + 0.28 99.10 + 5.71 4.5 
C5-30 226 + 0.27 98.30 + 5.67 4.4 
Ear height (cm) CO 121 + 0.29 85.50 + 5.69 7.7 
C5-5 121 + 0.26 86.40 + 4.98 7.7 
C5-10 111 + 0.25 83.10 + 4.79 8.2 
C5-20 107 + 0.25 78.80 + 4.54 8.3 
C5-30 111 + 0.25 81.20 + 4.68 8.1 
Silk emergence^ CO 878 + 0.70 195.50 + 20.49 1.6 
(GDU °C) C5-5 869 ± 0.54 154.60 + 14.05 1.4 
C5-10 852 + 0.61 196.60 + 17.87 1.6 
C5-20 843 + 0.62 196.90 + 17.90 1.7 
C5-30 851 + 0.63 206.00 + 18.73 1.7 
^Evaluated at two environments. 
Table 4. Estimates of additive variance additive x environment variance (<t^ae)i phenotypic variance (a^p), and 
A _ 
heritability (/i ) for yield and other agronomic traits of theCO Si topcross, and the C5 Si topcross of each selected population 
evaluated at five environments. 
Confidence limits^ Confidence llnfiits* Confidence limits* Confidence limits* 
Trait Topcross population LL UL (t'ae LL UL LL UL LL UL 
Grain yield' CO 39.60 25.07 60.47 50.93 31.53 72.39 17.10 12.00 25,72 0,58 0,45 0,68 
(l^g ha'^) C5-5 46.65 33.71 64.48 23.22 8.55 38.70 17,43 12,73 24.82 0.67 0,58 0.74 
05-10 30.02 20.00 43,70 17.51 2,34 33.33 13.30 9.71 18.94 0,56 0.45 0.66 
C5-20 46.29 33.66 63.73 11.19 -3.57 26.41 17.05 12,45 24.27 0.68 0.60 0.75 
C5-30 39.04 27.00 55.56 33.07 17.49 49.74 16.10 11.75 22.92 0.61 0.51 0.69 
Grain CO 703.93 539.65 945,83 146.24 79,45 219,22 200.13 140.44 300.92 0,88 0.84 0.91 
Moisture C5-5 367.19 285.69 480.64 123.47 76.47 174.35 111.47 81.39 158.72 0,82 0.78 0.86 
(9 kg ') C5-10 486.57 382.50 631.61 153.85 105.12 207.21 142.60 104.12 203.04 0.85 0.82 0.89 
C5-20 580.03 460.94 746.18 110,40 66.00 158,31 163.45 119.34 232.73 0.89 0,86 0.91 
C5-30 452.08 355.00 587.36 149.90 103.65 200.65 132.99 97.11 189.37 0,85 0.81 0.88 
Root CO 30,45 22.42 42.22 17,46 11,98 23,61 9.71 6.82 14.61 0.78 0.72 0.84 
lodging C5-5 1.86 1.03 2,98 1.79 0,17 3,47 1.08 0.79 1.54 0,43 0.28 0.56 
(%) C5-10 0.86 0,32 1.58 1,29 0,05 2.58 0.69 0.50 0.98 0,31 0.14 0,46 
C5-20 0.05 -0,03 0.14 0.30 0.09 0.52 0,09 0,07 0.13 0.12 -0.10 0.31 
C5-30 2.02 1,19 3,15 2.37 0.89 3.94 1,09 0,80 1.55 0.46 0.33 0.58 
Stalk CO 61.41 43,42 87,63 31,35 13.56 50.53 21.60 15.16 32.48 0.71 0.62 0.78 
lodging C5-5 35.13 25,55 48.35 21,13 10.91 32,05 12,93 9,44 18,41 0.68 0.60 0.75 
(%) C5-10 24.51 16.79 35,09 24.87 14,82 35,72 10,30 7.52 14,67 0.59 0,49 0.68 
C5-20 24.76 17,40 34.88 7.12 -2,83 17.37 9.87 7,21 14,05 0,63 0.53 0,71 
C5-30 36.93 26.80 50.90 22.06 11.11 33.75 13,66 9.98 19,45 0.68 0.59 0.75 
Table 4. (continued) 
Confidence limits* Confidence limits* Confidence limits* Confidence limits* 
Trait Topcross population <T^A LL UL <J%E LI- UL LL UL LL UL 
Dropped CO 0.34 -0,21 1.08 1.59 0,09 3,18 0.59 0.41 0.88 0.15 -0,11 0,36 
ears C5-5 0.59 0,10 1,22 0.88 -0,34 2,15 0.60 0.44 0.86 0.24 0,05 0,41 
(%) C5-10 0,56 -0,02 1,30 1.42 -0,08 2,97 0.70 0.51 1.00 0.20 -0,01 0,37 
C5-20 0.51 0,16 0,97 0.02 -0,88 0,92 0.44 0.32 0.62 0.29 0,11 0,44 
C5-30 0.45 0,00 1,04 0.57 -0,64 1,81 0.55 0.40 0.79 0,20 0.00 0,38 
Plant CO 347.89 267.30 466.57 21.23 -13,92 57,56 98.20 68.91 147.66 0,89 0.85 0.91 
height 05-5 130.03 105.52 183.10 1,39 -26.66 29.65 44.32 32,36 63.10 0,78 0.72 0.83 
(cm) 05-10 258.03 202.16 335.86 6.15 -27.77 40,48 76.51 55.86 108.94 0.84 0.80 0.88 
C5-20 275.62 217.87 356.61 11.91 -17.21 41,59 79.46 58.02 113,14 0,87 0.83 0.90 
C5-30 387.26 309.28 496.10 8.96 -19.76 38.16 107.09 78.20 152.49 0,90 0.88 0.93 
Ear CO 305.82 235.13 409.93 22.82 -7.09 53.93 86.15 60.46 129.54 0.89 0.85 0.92 
height C5-5 120.95 92.68 160.22 -6.58 -31.07 17.82 38.55 28.15 54.89 0.78 0.73 0.03 
(cm) C5-10 141.60 109.49 186.27 3.26 -20.78 27.54 43.87 32.03 62.47 0.81 0.76 0.05 
C5-20 198.48 156.19 257.42 9.16 -13.96 32.73 57.95 42.32 82.52 0.86 0.82 0.89 
C5-30 204.21 160.81 264.70 6.19 -17.46 30.19 59.48 43,43 84.69 0.86 0.82 0.89 
Silk CO 1890.81 1473.43 2504.50 -273.80 -699.13 -11.72 507.89 356.42 763.69 0.93 0.90 0.95 
emergence C5-5 936.31 721.46 1229.80 300.00 65.35 589.72 287.74 210.10 409.71 0.81 0.75 0.86 
(GDU °C)* C5-10 1140,22 097.98 1474.81 -109.97 -347,98 145.98 320.72 240.02 468.06 0.87 0.82 0.90 
C5-20 1005.95 778.51 1317.35 94.58 -165,65 396.27 305.43 223.02 434.90 0.82 0,76 0.87 
C5-30 1662,83 1319,90 2138,18 2,18 -258,93 296.03 467.32 341.22 665.41 0.89 0,85 0.92 
'Approximate 90% confidence interval. 
'Exact 90% confidence Interval. 
'Variance estimates for yield was multiplied by 100. 
^Evaluated at two environments. 
Table 5. Phenotypic (above diagonal) and additive genetic (below diagonal) correlations among eight traits of the CO 
Si topcross, and the OS Si topcross of each selected population evaluated at five environments. 
Topcross Grain Grain Root Stalk Dropped Plant Ear Silk 
Trait population yield moisture lodging lodging ears height height emergence* 
Grain CO 0.02 0,07 -0.28 • -0.12 0.18 0.10 -0.17 
yield C5-5 -0.18 0,03 -0.05 -0.33 ** -0.16 -0.13 -0.36 ** 
(Mg ha') C5-10 0,20 0.01 -0.38 " -0.07 0.32 " 0.17 0.06 
C5-20 0.18 -0.09 -0.16 0.14 0.42 " 0.36 ** 0.08 
C5-30 0,19 0.04 -0.21 -0.03 0.30 " 0.10 -0.13 
Grain CO 0.07 0.11 -0.33 " -0.11 0.21 0.09 0,34 ** 
moisture C5-5 -0.21 0,05 -0.16 0.06 0.22* 0.18 0,34 ** (g C5-10 0.33 0,02 -0.23 * -0.21 0.08 0.14 0,36 ** 
C5-20 0.24 0,18 -0.13 0.00 0.27 * 0.20 0,32 ** 
C5-30 0.28 0,05 -0.22 * -0.09 0.39 " 0.31 * 0.54 ** 
Root CO 0.11 0.13 0.18 -0.09 0.28 * 0.24 * 0.07 
lodging C5-5 0.06 0.07 0.19 -0.21 0,14 0.26* 0.06 
(%) C5-10 0.05 0.04 0.07 0.01 0.33 " 0.35 ** 0.18 
C5-20 -0.30 0.50 0.04 -0.02 0.08 0.07 0.04 
C5-30 0.03 0.07 0.05 -0,02 0.15 0.20 -0.02 
Stalk CO -0,40 -0.43 0,27 -0,13 -0,03 0.07 0.01 
lodging C5-5 -0.01 -0.20 0,42 -0,17 -0.02 0.22 * -0.12 
(%) C5-10 -0.58 -0.33 0,20 0.04 0,07 0.29* 0.02 
C5-20 -0.15 -0.18 0.05 -0,06 0,10 0.26* 0.00 
C5-30 -0.22 -0.31 0.10 -0.03 0,00 0.26* 0.02 
Dropped CO -0.15 -0.32 -0.26 -0.19 0,05 0.08 0.01 
ears C5-5 -0.69 0.16 -0.56 -0.22 0,07 -0,04 0.04 
(%) C5-10 0.00 -0.50 0,15 0.09 0.17 0,22 * 0.05 
C5-20 0.41 -0.01 -0,16 -0.10 0.32 " 0.35 ** 0.10 
C5-30 0.00 -0,22 -0.03 0.00 0,24* 0.27 * 0.08 
Table 5. (continued) 
Topcross Grain Grain Root Stalk Dropped Plant Ear Silk 
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*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
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Yield (Mg ha )^ 
Rg. 2. Frequency distribution for grain yield of CO Si topcross and C5 Si topcross of 
each selected population. Distances between class intervals are one-half the phenotypic 
standard deviation of the CO Sitopcross population. Vertical lines represent the population 
means. 
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CHAPTER 4. EFFECTIVE POPULATION SIZE AND GAINS FROM 
RECURRENT SELECTION IN THE BS11 MAIZE POPULATION 
A paper to t)e submitted for publication in Maydica 
P. S. Guzman and K. R. Lamkey 
Abstract 
Random genetic drift and inbreeding depression resulting from the use of small effective 
population size limit the gain of recurrent selection programs. The objectives of our study were to 
predict the gains of S2, Si, full-sib, and modified-ear-to-row recurrent selection methods with varying 
efTective population sizes of 5,10,20, and 30, and to compare these predicted gains with the realized 
gains obtained in a related study. Using the variance estimates of the BS11 CO population, predicted 
gain cycle'^  was computed based on a trait perse selection and selection using an index. Predicted 
gain cyde'^  in the BS11 maize population subjected to Si-progeny selection method was also 
computed by multiplying the heritabilities and the selection differentials obtained from the unpublished 
data of the Federal-State Com Breeding Investigations, at Ames, lAfrom 1977 through 1989. 
Results showed that the trend was similar for the trait perse selection and index selection. Relatively 
higher predicted values were observed for the inbred progeny recurrent selection methods in all traits. 
Predicted gain cycle'^  for a trait in a recurrent selection method increased with increasing effective 
population size but differences among the predicted values were agronomically insignificant While 
the predictions based on trait perse and index selection showed increasing grain yield with 
increasing effective population size, results of the Si-programs from the unpublished data of annual 
reports showed othenwse. The comparison between our predictions and the realized gains obtained 
in a related study indicated that intennating greater number of individuals would not result in a 
significant response over a short generation of selection. There is no distinct advantage of using 
larger effective population size to realize gain in a short-tenn maize recurrent selection program. 
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Introduction 
The concept of effective population size. Ne. was introduced by Wright (1931) to address the 
phenomenon of random genetic drift, the random fluctuation of gene frequendes in small 
populations. Hartl and Clark (1989, p. 82) described effective population size as the number of 
individuals in a theoretically ideal population having the same magnitude of random genetic drift as 
the actual population'. The effective population size gives a measure of the rate of genetic drift and 
inbreeding in the population (Caballero, 1994). Theoretical results by V/encovsky (1978) suggested 
that the number of individuals intemnated will equal the effective population size for a single cyde 
under a recunrent selection scheme. 
The importance of effective population size in selection programs has been discussed by 
many authors (Robertson, 1960,1961; Baker and Cumow, 1961; Rawlings, 1979; Comstock. 1974; 
Vencovsky, 1978; Enfield, 1980). Aside from provkling a measure of the rate of depletion of genetic 
variance, effective population size will also affect selection limits and the half-life of the selection 
program and in general, the total response to selection. In a short-temi selection program, however, 
Baker and Cumow (1961), and Brim and Burton (1979) showed no distinct advantage of using larger 
effective population sizes. Hill (1985) also opined that population size is not critical for short-term 
selection of < 5 generations. However, Frankham et al. (1968) found greater responses to selection 
using larger population sizes at the same selection intensity, and cautioned that the effects of finite 
population size should not be ignored even for short-term selection. 
In maize recurrent selection programs, there has been an interest in establishing adequate 
effective population size due to the loss of genetic variance and inbreeding depression resulting from 
small effective population size. Smith (1979,1983), Helms et al. (1989), Keeratinijakal and Lamkey 
(1993), and Holthaus and Lamkey (1995) emphasized the importance of genetic drift on the response 
of the population perse to recurrent selection. Non-responsiveness or lack of observed gain of the 
population perse to recurrent selection was generally attributed to inbreeding depression assodated 
with genetic drift. Maize breeders are also trying to establish an optimum effective population size 
that would maximize both short-term and long-temn goals of selection. The goal is to set a balance 
55 
such that suffident individuals would t)e intennated so that a reasonable response could be expected 
in the short-tenn and not so few as to cause a decrease in genetic variance for long-tennn selection 
(Weyhrich et al., 1998). 
In our study, we used the variance estimates of the BS11C0 maize population to predict 
gains from selection with varying effective population sizes. The objectives of our study were to (0 
predict the gains of S2, Si, full-sib, and modified-ear-to-row recurrent selection methods with varying 
effective population sizes of 5,10,20, arid 30, and (iO compare these predicted gains with the 
realized gains obtained in a related study. 
Materials and Methods 
Development of genetic materials 
The BS11 maize population was developed by W.L Brown at Pioneer Hi-Bred International, 
inc. and was originally designated as 'Pioneer Two-ear Composite'. BS11 is a genetically broad-
based population composed of genmplasm from the Caribbean, southern U.S., and the U.S. com-t)elt 
(Hallauer, 1967). It became adapted to the Central U.S. Com-Belt by 10 cycles of mass selection for 
adaptation and prolificacy. 
The four effective population sizes used in the study were 5 (fewer than generally used), 10 
and 20 (most commonly used), and 30 (greater than nomially used). Using the BS11 cycle 0 (CO), 
five cycles of Srprogeny selection were conducted by intermating 5,10, 20, or 30 lines to form a 
population for the next cycle of selection. The Si programs in which 5, 10,20, or 30 lines were 
intemnated were referred to as 5-Si, 10-S1, 2O-S1, and 30-Si, respectively. 
Weyhrich et al. (1998) described the sequence of Si progeny selection conducted for each 
program. Forthe 5-Si, a cyde of selection was initiated by growing the population perse at the 
winter nursery in Puerto Rico and selfing 25 to 50 plants. Ears were harvested from 25 desirable 
plants. The 25 Si lines were evaluated the following season at three locations in Iowa with two 
replications per location. Based on the results of the evaluations, the best Si lines were selected, and 
intemnated the following season at the winter nursery using their remnant Si seeds. The bulk-entry 
method (Hallauer, 1985) was used to intennate the selected Si lines produdng the Syn-1 population. 
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Chain sibbing 300 to 400 Syn-1 plants produced the Syn-2 population. The Syn-2 population was 
used to initiate the next cyde of Si-progeny selection. 
The selection procedure for the 10-Si program was similar to that of the 5-Si but 50 lines 
were evaluated and 10 lines were selected for intemnating each cycle. For the 20-Si program, 20 
lines were intemiated after evaluating 100 Si lines each cyde. Similarly, the 30-Si program was 
conducted by evaluating 300 Si lines and intermating the best 30 Si lines each cyde. For ail four Si 
programs, a constant selection intensity of 20% was maintained. Selection of progenies for 
intemiating fit)m the replicated yield trials was based on an index (Smith et al., 1981a, b) of grain 
yield, grain moisture at harvest, and resistance to root and stalk lodging. Index selection was used in 
all programs except for the first two cycles of 5-Si, 10-Si, and 30-Si where selection was conducted 
only for grain yield adjusted to 155 g kg"^ grain moisture. The cyde 5 (C5) population of the 5,10, 20, 
and 30 Si programs will be referred to as C5-5, C5-10, C5-20, and C5-30, respectively. 
In 1993, seeds from the BS11C0 and C5 populations of each Si program were planted in the 
breeding nursery and plants were randomly selfed to produce Si lines. One hundred BS11C0 Si 
lines and 150 Si lines for each selected population were produced. In 1994, the Si lines were top-
crossed to a common tester, BS1 ICO. Topcrossing was done in isolation plots such that there were 
four Si lines as female rows to two male BS1 ICO rows. Detasseling was done on the Si lines and ~ 
10 ears from each Si line were harvested. An equal quantity of seed was bulked from each ear to 
produce a half-sib family. One hundred half-sib progenies for BS11C0, and 130 for the C5 of each 
selected population were produced for a total of 620 half-sib progenies. 
Evaluation procedures and data collection 
The 620 entries (half-sib progenies) were divided into 10 sets. There were 62 entries within 
set, i.e. 10 BS11C0 top-crosses and 13 C5 top-crosses of each selected population. The entries 
were replicated twice and replications were nested within sets. The half-sib progenies were 
evaluated in replications-within-sets randomized incomplete block design at three locations (Ames, 
Crawfordsville and Carroll, lA) in 1995 and 1996. However, the Crawfordsville location in 1996 was 
discarded due to severe water-logging. Each location-year combination was considered as an 
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environment for a total of five environments. A plot consisted of two rows, 5.49 m long with 0.76 m 
between rows. All plots were over-planted by machine and thinned to a unifonn stand density of 
approximately 62,124 plants ha'^  at the five-leaf stage. All yield trials were machine cultivated and/or 
hand weeded as necessary. Plots were machine harvested without gleaning for dropped ears. 
Data collected on plots were machine harvestable grain yield (Mg ha'^ ) adjusted to 
155 g kg'^  grain moisture (g kg'^ ) at harvest, final stand (M plants ha'^ ), root lodging (percentage of 
plants leaning more than 30° from verticaO, and stalk lodging (percentage of plants broken at or below 
the primary ear node). All traits were evaluated at each environment 
Statistical analysis 
The analysis of variance for each trait was done by pooling over sets and combining across 
environments in the general analysis with all effects in the model considered random. The sum of 
squares of populations (or entries), population x environment (P x E), and pooled error were 
partitioned into sources of variation due to within and among populations. The covariances of 
relatives calculated from the combined analysis of variance were translated into appropriate genetic 
components of variance. The within-population variance equals the covariance among half-sibs (cov 
HS) and, assuming no epistasis, cov HS in the CO population equals Yt o^a- The additive genetic 
variance and other variance estimates of the CO population were used to predict gains for Sa, Si, FS, 
and MER recurrent selection methods with effective population sizes of 5,10, 20, and 30. The 
predicted gain cycle'^  for each recurrent selection method was calculated using the general equation: 
AGc = cko-^A/ o"Ph 
where, 
c = coeffident of parental control (c=1 for Si, FS, MER, and S2) and 
k = standardized selection differential which is a Unction of the numtier of individuals 
intennated and evaluated. The k values for 5,10,20, and 30 effective population sizes are 1.345, 
1.372,1.386, and 1.389, respectively (Becker, 1984). 
er^A = additive genetic variance. 
cr ph = square root of the phenotypic variance. 
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Heritability of a trait for a particular recurrent selection method was calculated based on the 
procedure of Hanson (1963) and summarized by Lamkey and Haliauer (1987). The heritability 
estimates were used to calculate the predicted selection index (Smith et al., 1981a, b) in each 
recurrent selection method. The predicted index for a particular effective population size was 
computed by multiplying the index by the corresponding k value. The expected gain for a trait, i, 
when selection is based on the index, I, was calculated based on the following fonnula (Smith, 1936; 
Hazel, 1943); 
AGi = krGj^(G«g)"^ 
where, 
k = standardized selection differential which is a function of the number of indivkluals 
intennated and evaluated (Becker, 1984). 
rcii = correlation of the trait i with the index I. 
Gos = genetic variance of trait i. 
The rcii was computed as, 
cov(Gi. l)/(Go«xa^i)''2 
where, 
cov (Gi, I) = covariance of the trait i with the index, I. 
= variance of the index, I. 
For convenience, the phenotypic variance-covariance matrix, P, and the genetic variance-
covariance matrix, G, were constructed to calculate the genetic parameters of rai. Smith (1936) 
showed that Pb = Ga, where a is the relative economic values of the traits. At the Federal-State Com 
Breeding program at Iowa State University, an economic value of+1 is given to grain yield while -1 is 
assigned to grain moisture, root lodging and stalk lodging. The following relationships were shown; 
(r  ^= b'Pb. 
Cov (Gi,l) = b'Gi, where Gi is the i"* column of G. 
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The phenotypic correlation and genetic correlation among traits were assumed to be zero 





Hi is the heritability estimate of trait i. 
The variance and covariance estimates used in the prediction of the index, and of the traits 
included in the index were obtained from the estimates of the CO population. 
Heritabilities and selection differentials were also obtained from the results of the evaluation 
trials in the BS11 maize population subjected to Si-progeny selection using effective population sizes 
of 5.10,20, and 30. The heritabilities and selection differentials were unpublished data of the Annual 
Reports of the Cooperative Federal-State Com Investigations, at Ames, lAfrom 1977 to 1989. 
Predicted gain cycle'^  for the Si-programs was calculated by multiplying the heritability by the 
selection differential. 
Results and Discussion 
The predicted gain cycle'^  indicated that tjetter response would be obtained in the 82 
recurrent selection method for all traits regardless of the effective population size used (Table 1). The 
predicted gain cyde'^  was calculated based on the assumption that selection was to t>e conducted on 
the trait alone. Theory has shown the superiority of inbred-progeny recurrent selection method (83 or 
Si) over other intra-population improvement methods when overdominant gene action is not 
important for the traits of interest. Quantitative genetic studies in maize populations have shown that 
overdominant gene action is relatively unimportant and that genetic variation is due mainly to additive 
effects (Hallauer and Miranda, 1988). Under these conditions, the coefficients of additive genetic 
variance in the predicted gain equation are two to six times greater than other recurrent selection 
methods (Lamkey, 1992). However, empirical results of Lamkey (1992), and Holthaus and Lamkey 
(1995) do not support the theoretical superiority of S2 over other types of recurrent selection methods. 
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Lamkey (1992) suggested that random genetic drift might have contributed to the lack of response in 
S2 progeny selection. He pointed out that caution should be exercised in the long-temi use of Sr 
progeny selection. Lamkey (1992) suggested that SrProgeny selection should only be used for two 
to three cycles after which some type of test crossing procedure should be implemented. 
The predicted gain cyde'^  for a trait in a recurrent selection method increased with increasing 
effective population size (Table 1). Differences in predicted gain cyde'^  within a selection method is 
mainly a function of the standardized selection intensity, k. Becker (1984) using the data of Harter 
(1961) derived the selection intensity for a finite population, in units of standard deviation for the 
mean, as a function of number of individuals evaluated and number of individuals selected. The 
differences among these k values are not really significant, hence, differences among the estimates 
of predicted gain cyde'^  in a recurrent selection method with varying effedive population sizes are 
agronomically insignificant. 
Smith (1936) first suggested the concept of index selection for selecting plant lines using 
Fisher's (1936) discriminant fundion. The index proposed by Smith (1936) was a linear index that 
optimized the correlation between a linear combination of the phenotypic values and economic worth 
of a genotype. Hazel (1943) developed the same index using path coeffidents and presented 
methods for estimating genetic variances and covariances. Subsequently, the index became known 
as the Smith-Hazel index. The ol^ective of the Smith-Hazel index is to improve aggregate genotype, 
which may or may not improve individual traits. Several modifications and fomns of index selection 
have been proposed since Smith (1936) and Hazel (1943) introduced its use. One of these indudes 
the proposal of Smith et al. (1981a, b) that the traits in the index be weighted by the product of the 
economic value and heritability. At the federal-state com breeding program at Iowa State University, 
seledion of individuals for intennating, as proposed by Smith et al. (1981a, b), is based on an index 
weighted by the heritabilities for yield, grain moisture, root lodging, and stalk lodging. Smith et al. 
(1981a, b) noted that these weights are the solutions to the Smith-Hazel index equations when the 
phenotypic and genotypic correlations are assumed to be zero. This assumption may be valid 
because these correlations are generally small and insignificant. Smith et al. (1981a, b) have shown 
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that when the at>solute conflation, |r|, is < 0.30, the simplified index t)eing used at the federal-state 
com breeding project at Iowa State University is as effective as the Smith-Hazei index. 
The trend in predicted gain cyde'^  using index selection (Table 2) was similar to the trend 
when selection was done on the trait alone. Relatively higher predicted values were observed for the 
inbred progeny selection methods in all traits. However, just like in the trait perse selection, 
differences in predicted gain among selection programs with varying effective population sizes for a 
particular selection method are not agronomically significant As expected, comparison between the 
selection based on the trait alone and selection using the index, particulariy for grain moisture, root 
lodging, and stalk lodging, revealed higher predicted gain cyde'^  for the trait perse selection. Smith 
et al. (1981) noted that progress for a single trait using a selection index based on k traits, is only 
1/(k)^^ times as large as progress based on selection for that trait alone. The more traits included in 
the index, the slower the improvement is going to be for any given trait (Smith et al., 1981). 
Generally for grain yield, predicted gain cyde'^  in the S^ program, computed by multiplying 
the heritability, h^, by the selection differential, S, decreased from CO to C4 regardless of effective 
population size used (Table 3). Predicted gains from C2 to C4 were erratic for the other three traits. 
The highest average predicted gain cyde'^  was observed in the 5-Si for grain yield. The average 
predicted gain cyde"^ of 5-Si was 42% and 26% greater than the 20-S1, and 30-S1 programs, 
respectively. The 10-Si program also showed higher predicted gain cyde"' than the 20-Si and 30-Si 
programs. For grain moisture and root lodging, better gains were predicted in the programs that 
used larger effedive population size. The 10-Si and SO-S^ programs were predicted to have more 
favorable gains than the 20-Si espedally for root lodging. Average predicted gain cyde'^  for stalk 
lodging was in the desired direction and comparable among Si programs. 
The variations in the predicted gain over cydes of selection, as shown in Table 3, implies 
that Si progeny selection was effective in changing gene frequency of the original population such 
that estimates of genetic parameters of the original population may be invalid for use in predicting 
future gains (Hallauer and Miranda, 1988). Since predicted gains are only for one cyde (Hailauer and 
Miranda, 1988), predidions obtained from genetic parameters for each cyde of selection from 
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progeny evaluation trials seemed to be better than those based on CO genetic parameters. Hallauer 
and Miranda (1988) suggested that if the change in gene frequency is not great, pooled estimates 
from successive cydes of selection will provide better estimates of parameters used in predicting 
gain. However, estimates from the most recent cyde should be used when the change in gene 
firequency is significant (Hallauer and Miranda, 1988). 
The magnitude of the average predicted gain cyde*^ presented in Table 3 do not confomfi 
with the predictions shown in Tables 1 and 2. For grain yield, the average predicted gain cyde'^  was 
higher for the predictions presented in Table 3 than the results of the prediction methods that used 
the CO variance estimates. For grain moisture and stalk lodging, predicted gain cyde'^  with trait per 
se selection was higher relative to the predidions obtained from the annual reports. Expeded gain 
cyde'^  of root lodging and stalk lodging with index selection were less than the corresponding 
predicted gain cyde'^  obtained from the unpublished data of the annual reports. While predidions of 
trait perse and index seledion procedures showed increasing gain cyde'^  for grain yield with 
increasing effedive population size, data from the unpublished annual reports showed otherwise. 
One plausible reason for this is that genetic variance has changed with selection and it may have 
increased in the programs with smaller effective population size. Guzman (1998) found evidence for 
an increase in additive genetic variance for grain yield with small effective population size after five 
cydes of Sr progeny selection, although differences among seleded populations were not 
significant. Although the predicted index was greater than the adual index value obtained from the 
evaluation trials (Table 4), similar trends were observed in the sense that the indices increased with 
increasing effedive population size. Predicted index values among the Si programs indicated 
agronomically insignificant differences but actual index values showed otherwise. A multiplicative 
index of the fomi I = (Yield - Minimum Yield) x (Maximum Moisture - Moisture) x (Maximum Root 
lodging - Root lodging) x (Maximum Stalk lodging - Stalk lodging), was used in cyde 4 for 5-Si, 10-
Si, and 30-Si, nevertheless, an increase in the index value with increasing effective population size 
was observed. 
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In a related study, Weyhrich et al. (1998) evaluated the So population perse, the Si 
population perse, and the test>crosses to the CO for all cydes of selection of each effective 
population size. The Si population perse represent direct response to Si progeny selection. For the 
So population perse, Weyhrich et al. (1998) found that the 10-Si, 20-Si, and 30-Si programs resulted 
in a significant increase in grain yield and the responses for these three selection programs were not 
significantly different from each other. There was a significant decrease in grain yield of -0.22 Mg ha'^  
cycle'^  in the 5-Si program. In the selfed populations perse, they found that grain yield responses 
were significant in the desirable direction for the three larger effective population size programs while 
a significant decrease of -0.11 Mg ha'^  cycle'^  was exhibited by the 5-Si program. For grain moisture, 
root lodging, and stalk lodging, Weyhrich et al. (1998) found favorable response for the 10-Si, 20-Si, 
and 30-Si programs. Comparisons of the predicted gains obtained in our study and the realized gains 
obtained by Weyhrich et al. (1998) showed no distinct and significant advantage in using larger 
effective population sizes. The results of our predictions agree with the conclusion of Weyhrich et al. 
(1998) that recombining an additional 10 or 20 progenies does not contribute enough favorable 
alleles to the populations to have an impact on the short-tenn response. Baker and Cumow (1969) 
also showed that there is little to be gained in going beyond an effective population size of 16 when 
the issue of interest is the progress to be realized in a reasonable number of generations. Brim and 
Burton (1979) concluded that reduced effective population size and number of lines tested per cycle 
had little effect on progress. For the populations used in their study, Brim and Burton (1979) inferred 
that the use of larger effective population size over the short-term was unwarranted. Guzman (1998) 
also observed no dear advantage of using larger effective population in maintaining genetic variability 
forshort-temi recurrent selection. Hill (1985) noted that the importance of effective population size 
depends on the time horizon breeders operate. If the concern is only for a few generations, i.e. < 5, 
then population size is not really critical (Hill, 1985). On the other hand, Frankham et al. (1968) found 
that greater responses were obtained by larger effective population sizes at the same selection 
intensity even in the short-tenm. The differences in results could be attributed to the fact that Hill 
(1985a) and Weyhrich et al. (1998) considered five cydes as short-term while Frankham et al. (1968) 
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evaluated response over 12 cycles. It would be interesting if the study of Weyhrlch et al. (1998) were 
extended to more than five cycles to empirically detemiine the efTect of effective population sizes on 
response to long-term selection. Based on the results of our study, we conclude that intemnating 
greater number of individuals would not result to a significant response over a short generation of 
selection. There is no distinct advantage of using laiger effective population size to realize gain in a 
short-term recurrent selection program. 
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Table 1. Predicted gain cyde*^ for grain yield and other agronomic 
traits if selection were conducted on the trait alone. The variance 
estimates of the BS11 CO population were used to calculate 
the predicted gains. 
Recurrent Effective Grain Grain Root Stalk 
selection population yield moisture lodging lodging 
method size (Mg ha"^) ^ kg"^) (%) (%) 
02 5 0.576 36.419 6.798 8.381 
10 0.588 37.151 6.935 8.549 
20 0.594 37.530 7.005 8.637 
30 0.596 37.638 7.026 8.662 
Si 5 0.412 27.870 5.092 6.078 
10 0.420 28.430 5.194 6.200 
20 0.424 28.720 5.247 6.263 
30 0.426 28.803 5.262 6.281 
FS 5 0.223 16.870 2.964 3.363 
10 0.228 17.209 3.024 3.430 
20 0.230 17.384 3.055 3.465 
30 0.231 17.434 3.063 3.475 
MER 5 0.117 9.630 1.635 1.784 
10 0.119 9.823 1.667 1.820 
20 0.120 9.923 1.684 1.839 
30 0.121 9.952 1.689 1.844 
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Table 2. Predicted index value cyde'^  and expected gain cyde'^  of each trait 
induded in the index. The variance and covariance estimates of the BS11 
CO were used to calculate the predicted gains. 
Recurrent Effective Grain Grain Root Stalk 
selection population Index yield moisture lodging lodging 


































































































Table 3. Predicted gain cyde'^  in the BS11 maize population subjected to Srprogeny 
selection with varying effective population size. R^icted gains were calculated by 
multiplying the unpublished data of heritabilities and selection differentials from the 
Annual Reports of the Cooperative Federal-State Com Breeding Investigations, 
Ames, lA, 1977 through 1989. 
Effective Cyde of selection Average 
population predicted 
Trait size 0 1 2 3 4 gain 
Grain yield 5 1.34 1.17 0.68 0.55 0.57 0.86 
(Mg ha'^ ) 10 1.56 0.87 0.84 0.23 0.20 0.74 
20 0.95 0.60 0.16 0.44 0.35 0.50 
30 1.29 0.97 0.39 0.32 0.44 0.68 
Grain moisture 5 _r 9.55 0.68 -0.92 3.10 
(g kg"*) 10 — — -2.92 -7.70 -1.19 -3.94 
20 -0.81 -3.65 -0.60 -0.79 -6.53 -2.47 
30 
— — 
-7.40 -3.34 -0.87 -3.87 
Root lodging 5 _ 1.71 -0.72 -3.54 -0.85 
(%) 10 — — -14.77 -3.82 -3.71 -7.43 
20 -0.45 -0.15 -4.49 -6.68 -0.23 -2.40 
30 
— — 
-18.66 -1.30 -3.86 -7.94 
Stalk lodging 5 — -6.37 -1.18 -2.16 -3.24 
(%) 10 — — -5.18 -2.17 -0.70 -2.69 
20 -3.08 -1.74 -6.39 -2.78 -3.89 -3.58 
30 — — -5.06 -4.70 -0.77 -3.51 
^Data not available. 
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Table 4. Actual index values obtained from progeny evaluation trials in the BS11 maize 
population subjected to Si-progeny selection with varying effective population size. 
The index values were unpublished data from the Annual Reports of the Cooperative 
Federal-State Com Breeding Investigations, Ames, lA, 1977 through 1989. 
Effective Cycle of selection 
population 
size 0 12 3 4 
5 - 82.85 104.34 47706.20* 
10 - - 163.06 118.42 51175.80* 
20 - 99.60 117.20 164.03 107.13 
30 - - 148.01 137.49 162444.20* 
^Data not available. 
^Multiplicative index. 
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CHAPTER 5. GENERAL CONCLUSIONS 
The four selection programs resulted in a significant increase in grain yield, reduced grain 
moisture, root lodging, and stalk lodging. Among the selected populations, C5-20 had the lowest 
mean grain yield (5.66 Mg ha"'). The 10-Si program showed the highest gain cycle"' of 0.16 Mg ha"' 
with the 30-Si program produdng the second highest in yield at 0.13 Mg ha ' cycle"'. The program 
that used the smallest effective population size. S-S^, had a higher gain cycle"' compared with the 
20-Si program. For grain moisture and stalk lodging, better response was obtained in the 20-Si 
program while the 10-Si and the 30-8^ programs showed more favorable response than the 5-Si 
program. The 5-Si, ID-Si, and 30-Si programs gave comparable response for root lodging. The 
selection programs for increased grain yield, reduced grain moisture, reduced root lodging, and 
reduced stalk lodging also resulted in significant changes in other traits. The number of GDU (°C) 
required to reach mid-silk decreased significantly in all four Si programs. The three larger effective 
population size programs showed greater reduction for dropped ears as well as in plant and ear 
heights than the 5-Si program. 
The within population sources of variation suggested that significant genetic variation was 
present in each selected population for all traits except in root lodging and dropped ears in the C5-20 
and C5-10 populations, respectively. Significant genetic variation implies that improvement of the 
traits may still be possible in those populations. Interestingly, additive genetic variance did not 
decrease for the primary trait (grain yield) after selection in all programs. After five cycles of 
selection, the expected level of inbreeding in the 5-Si program was five times greater than the 30-Si 
program. With this magnitude of inbreeding, additive genetic variance should have decreased 
significantly In the smaller effective population size programs partlculariy In the 5-Si according to the 
classical theory of genetic drift. The comparable magnitude of the additive genetic variance 
estimates among the selected populations for grain yield, grain moisture, root lodging, stalk lodging 
and dropped ears in our study may be due to the conversion of non-additive genetic variance into 
additive genetic variance in the smaller effective population size programs. However, the increase 
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in additive genetic variance witti small effective population size is likely to occur only with short-term 
selection. Another plausible explanation for the increase in additive genetic variance for grain yield in 
the 5-Si program is that favorable alleles may be at very low frequendes initially in the BS11C0. If 
that is the case, then the additive genetic variance should increase regardless of the effective 
population size unless selection is so ineffective that genetic drift is the predominant force altering 
gene frequency. 
The predicted gain cycie'^  for a trait in a recurrent selection method increased with 
increasing effective population size. Differences in predicted gain cyde'^  within a selection method is 
mainly a function of the standardized selection intensity, k. The differences in k values among the 
effective population sizes are not really significant, hence, differences among the estimates of 
predicted gain cyde'^  in a recurrent selection method with varying effective population sizes are 
agronomically insignificant. The trend in predicted gain cycie'^  using index selection was similar to 
the trend when selection was done on the trait alone. Relatively higher predicted values were 
observed for the inbred progeny selection methods in all traits. Predicted gain cyde'^  for the Si 
program was also computed by multiplying the heritability, h^, by the selection differential, S. The 
heritability and selection differential were obtained from the results of the evaluation trials in the 
BS11 maize population subjected to Srprogeny selection using effective population sizes of 5,10, 
20, and 30. The unpublished data of heritabilities and selection differentials were compiled from the 
Annual Reports of the Cooperative Federal-State Com Breeding Investigations, at Ames, lA, from 
1977 through 1989. The highest average predicted gain cycle'^  wasotserved in the 5-Si for grain 
yield. The 10-Si program also showed higher predicted gain cyde'^  than the 20-Si and 30-Si 
programs. For grain moisture and root lodging, better gains were predicted in the programs that 
used larger effedive population size. The 10-Si and 30-Si programs were predicted to have more 
favorable gains than the 20-Si espedally for root lodging. Average predicted gain cyde'^  for stalk 
lodging was in the desired diredion and comparable among Si programs. Comparisons of the 
predicted gains and the realized gains obtained in a related study showed no distind and significant 
advantage in using larger effective population sizes. 
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Based on the results of the study, the use of smaller effective would not compromise genetic 
progress in a short-term maize breeding program. Genetic drift may not necessarily result in an 
immediate and drastic decrease in genetic variance. There is no distinct advantage of using larger 
effective population size to maintain genetic variability and to realize gain in short-term maize 
recurrent selection program. 
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Rg A3. Frequency distribution for dropped ears of each topcross population. Distances 
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Rg. A4. Frequency distribution for plant height of each topcross population. Distances 
between class intervals are one-half the phenotypic standard deviation of the 
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Rg A5. Frequency distribution for ear height of each topcross population. Distances 
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Rg A6. Frequency distribution for GDU (°C) required to reach mid-silk of each topcross 
population. Distances between class intervals are one-half the phenotypic standard 
deviation of the CO topcross population. 
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APPENDIX B. INDIVIDUAL ENVIRONMENT MEANS 
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Table B1. Means for grain yield and other agronomic traits of CO 
topcross and 05 Si topcross of each selected population evaluated 
at Ames, lAin 1995. 
Trait Topcross population Mean S.E. 
Grain yield CO 5.73 + 0.96 
(Mg ha"') C5-5 6.35 + 0.79 
C5-10 6.72 + 0.75 
C5-20 6.30 + 0.81 
C5-30 6.35 + 0.89 
Moisture CO 261.43 + 20.34 
(g kg'^ ) C5-5 254.33 + 16.98 
C5-10 254.96 + 17.35 
C5-20 256.76 + 18.39 
C5-30 255.94 + 18.87 
Stand CO 55.55 + 6.58 
(M plants ha'^ ) C5-5 57.65 + 4.94 
C5-10 58.43 + 4.31 
C5-20 56.39 + 5.75 
C5-30 55.11 + 6.35 
Root CO 0.64 + 1.79 
lodging C5-5 0.14 + 0.68 
(%) C5-10 0.09 + 0.47 
C5-20 0.05 + 0.45 
C5-30 0.13 + 0.65 
Stalk CO 12.83 + 7.00 
lodging C5-5 10.42 + 5.70 
(%) C5-10 8.52 + 5.25 
C5-20 7.81 + 5.36 
C5-30 8.64 + 5.89 
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Table B1. (continued) 
Trait Topcross population Mean S.E. 
Dropped CO 0.71 + 1.38 
ears C5-5 0.85 1.48 
(%) C5-10 0.45 + 1.11 
C5-20 0.51 + 1.25 
C5-30 0.70 + 1.29 
Plant CO 256.43 + 14.52 
height C5-5 258.23 + 11.26 
(cm) C5-10 247.26 + 14.25 
C5-20 241.47 + 12.56 
C5-30 248.17 + 13.85 
Ear CO 138.02 + 13.10 
height C5-5 137.07 + 10.64 
(cm) C5-10 127.84 + 11.49 
C5-20 123.77 + 11.47 
C5-30 127.99 + 12.53 
Silk CO 854.49 + 25.76 
emergence C5-5 843.88 + 21.49 
(GDU °C) C5-1G 824.07 + 22.86 
C5-20 820.68 + 21.24 
C5-30 828.44 + 24.96 
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Table B2. Means for grain yield and other agronomic traits of CO Si topcross 
and 05 Si topcross of each selected population evaluated at 
Crawfordsville, lA in 1995. 
Trait Topcross population Mean S.E. 
Grain yield CO 5.61 + 0.85 
(Mg ha"') C5-5 6.05 + 0.80 
C5-10 5.78 + 0.77 
C5-20 5.37 + 0.82 
C5-30 5.62 + 0.83 
Moisture CO 247.29 + 19.47 
(g kg"") C5-5 241.25 + 16.59 
C5-10 232.54 + 17.11 
C5-20 237.43 + 17.24 
C5-30 234.66 + 15.27 
Stand CO 55.17 + 9.32 
(M plants ha'^ ) C5-5 56.21 + 8.55 
C5-10 54.66 + 9.97 
C5-20 53.49 + 10.83 
C5-30 55.17 + 9.40 
Root CO 0.73 + 2.08 
lodging C5-5 0.13 + 0.63 
C5-10 0.12 + 0.57 
C5-20 0.02 + 0.25 
C5-30 0.13 + 0.68 
Stalk CO 8.79 + 7.21 
lodging C5-5 6.38 + 5.16 
(%) C5-10 4.94 + 4.88 
C5-20 5.06 + 4.75 
C5-30 5.68 + 4.89 
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Tabel B2. (continued) 
Trait Topcross population Mean S.E. 
Dropped CO 0.15 + 0.58 
ears C5-5 0.16 + 0.80 
(%) C5-10 0.10 + 0.78 
C5-20 0.65 + 0.44 
C5-30 0.07 + 0.43 
Plant CO 208.27 + 15.45 
height C5-5 213.29 + 15.71 
(cm) C5-10 199.85 + 16.40 
C5-20 194.13 + 14.74 
C5-30 200.29 + 15.34 
Ear CO 101.59 + 12.54 
height C5-5 103.49 + 13.34 
(on) C5-10 92.56 + 12.62 
C5-20 88.96 + 12.80 
C5-30 92.46 + 12.68 
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Table B3. Means for grain ^eld and other agronomic traits of CO Si 
topcross and C5 Si topcross of each selected population evaluated 
at Carroll, lA in 1995. 
Trait Topcross population Mean S.E. 
Grain yield CO 3.91 + 0.79 
(Mg ha"^) C5-5 4.46 + 0.78 
C5-10 4.89 + 0.82 
C5-20 4.55 + 0.75 
C5-30 4.65 + 0.76 
Moisture CO 213.51 + 18.35 
(g kg'^ ) C5-5 208.88 + 15.69 
C5-10 208.29 + 16.82 
C5-20 211.21 + 15.97 
C5-30 212.89 + 15.03 
Stand CO 61.22 + 1.59 
(M plants ha'^ ) C5-5 61.13 + 1.72 
C5-10 61.18 + 1.60 
C5-20 61.17 + 1.60 
C5-30 61.17 + 1.67 
Root CO 4.32 + 6.52 
lodging C5-5 2.64 + 4.35 
(%) C5-10 1.98 + 3.38 
C5-20 0.48 + 1.26 
C5-30 1.89 + 3.47 
Stalk CO 22.29 + 10.30 
lodging C5-5 17.79 + 8.74 
(%) C5-10 18.09 + 8.23 
C5-20 18.76 + 8.21 
C5-30 18.31 + 9.15 
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Table B3. (continued) 
Trait Topcross population Mean S.E. 
Dropped CO 2.49 + 3.21 
ears C5-5 3.05 + 2.98 
(%) C5-10 1.68 + 2.31 
C5-20 2.11 + 2.50 
C5-30 1.84 + 2.36 
Plant CO 241.70 + 14.84 
height C5-5 244.75 + 13.54 
(cm) C5-10 231.74 + 14.34 
C5-20 229.81 + 13.18 
C5-30 234.72 + 14.72 
Ear CO 134.58 + 14.80 
height C5-5 135.26 + 11.75 
(cm) C5-1G 122.87 + 11.94 
C5-20 120.94 + 11.87 
C5-30 123.19 + 12.17 
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Table B4. Means for grain yield and other agronomic traits of CO Si 
topcross and 05 Si topcross of each selected population evaluated 
at Ames, lAin 1996. 
Trait Topcross population Mean S.E. 
Grain yield CO 5.68 + 1.02 
(Mg ha"') C5-5 6.34 + 0.98 
C5-10 6.35 + 0.98 
C5-20 6.26 + 0.98 
C5-30 6.65 + 1.00 
Moisture CO 285.80 + 27.87 
(g kg" )^ C5-5 286.65 + 24.97 
C5-10 278.54 + 27.64 
C5-20 270.31 + 27.06 
C5-30 272.52 + 26.77 
Stand CO 59.92 + 3.65 
(M plants ha'^ ) C5-5 60.24 + 3.21 
C5-10 60.07 + 3.46 
C5-20 60.29 + 3.53 
C5-30 60.50 + 2.98 
Root CO 4.85 + 7.07 
lodging C5-5 1.75 + 2.92 
{%) C5-10 2.11 + 3.22 
C5-20 0.60 + 1.27 
C5-30 2.47 + 3.75 
Stalk CO 12.56 + 7.02 
lodging C5-5 8.34 + 4.96 
(%) C5-10 9.36 + 5.52 
C5-20 7.75 + 4.70 
C5-30 8.44 + 5.33 
89 
Table B4. (continued) 



























229.42 + 15.09 
231.98 + 13.49 
224.02 + 16.02 
213.20 + 15.16 









110.81 + 13.56 
111.01 + 11.28 
101.20 + 12.67 
96.81 + 12.30 









901.92 + 28.21 
893.39 + 22.61 
879.21 + 25.20 
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Table B5. Means for grain yield and other agronomic traits of CO Si 
topcross and C5 Si topcross of each selected population evaluated 
' at Carroll, lA in 1996. 
Trait Topcross population Mean S.E. 
Yield CO 4.98 + 0.80 
(Mg ha-^) C5-5 5.48 + 0.89 
C5-10 6.08 + 0.80 
C5-20 5.82 + 0.83 
C5-30 5.79 + 0.83 
Moisture CO 193.74 + 16.29 
(g kg'^ ) C5-5 186.51 + 13.04 
C5-10 187.17 + 14.72 
C5-20 186.10 + 14.31 
C5-30 188.74 + 13.82 
Stand CO 60.89 + 2.81 
(M plants ha'^) C5-5 61.16 + 2.66 
C5-10 61.09 + 2.73 
C5-20 61.23 + 2.70 
C5-30 61.06 + 2.78 
Root CO 2.25 + 5.71 
Lodging C5-5 0.74 + 2.02 
C5-10 0.66 + 1.53 
C5-20 0.23 + 0.74 
C5-30 0.89 + 2.08 
Stalk CO 29.89 + 12.85 
Lodging C5-5 25.95 + 12.02 
(%) C5-10 24.93 + 10.19 
C5-20 23.22 + 11.79 
C5-30 25.18 + 10.84 
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Table B5. (continued) 
Trait Topcross population Mean S.E. 
Dropped CO 3.03 + 3.20 
ears C5-5 3.19 3.09 
(%) C5-10 1.91 + 4.40 
C5-20 2.47 + 2.75 
C5-30 2.58 + 3.64 
Plant CO 233.34 + 12.88 
height C5-5 235.75 + 11.24 
(cm) C5-10 227.43 + 13.35 
C5-20 220.44 + 13.48 
C5-30 227.15 + 14.80 
Ear CO 118.24 + 12.91 
height C5-5 118.40 + 10.48 
(cm) C5-10 108.33 + 10.48 
C5-20 103.12 + 12.06 
C5-30 108.02 + 12.01 
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APPENDIX C. INDIVIDUAL ENVIRONMENT ANALYSIS OF 
VARIANCE 
Table CI. Analysis of variance for yield and otiier agronomic traits of CO topcross and CS Si topcross of eacii selected population 
evaluated at Ames, lA in 1995. 
Mean Squares Mean squares 
Grain Grain Root Stalls Dropped Plant Ear GDU 
Source df yield moisture df Stand lodging lodging ears iieight heigiit 
Set 9 11.95" 7885.39 " 9 273.78 " 1.58'' 53.13* 1.99 641.06" 960.34 * 6472.48 " 
Rep(Set) 10 1.17- 100.43 10 138.15" 0.65 141.84" 2.28 194.07* 99.22 1643.58 " 
Population(Set) 610 1.02" 462.24 " 610 42.50 " 0.92 " 49.08 " 1.79 320.19" 238.24 " 1129.71 " 
CO/Set 90 1.24" 635.46 " 90 60.74 " 3.70 63.87 " 1.89 323.49 " 263.37 " 1057.80 " 
C5-5/Set 120 0.73" 354.98 " 120 32.60 " 0.45 40.51 " 2.13 151.90* 124.47 * 754.21 " 
C5-10/Set 120 0.63 " 369.23 " 120 22.15" 0.22 30.89 * 1.37 262.59 " 143.47 " 764.45 " 
C5-20/Set 120 0.73" 522.28 " 120 39.46 " 0.19 35.77 " 1.52 234.08 " 176.73 " 700.32 " 
C5-30/Sset 120 0.97" 442.89 " 120 49.50 " 0.38 49.49 " 1.66 284.15" 201.14" 916.31 " 
Among (Set) 40 3.63 " 552.14 " 40 80.40 " 1.97 " 134.75" 2.96 1356.82" 1103.14" 5442.07 " 
Error 609 0.39 110.05 610 17.89 0.73 22.13 1.63 102.51 90.42 147.89 
Err(CO) 89 0.45 147.61 90 21.10 2.69 27.77 1.94 106.97 88.35 152.08 
Err(C5-5) 120 0.35 130.42 120 13.09 0.46 19.95 2.02 92.13 86.68 147.01 
Err(C5-10) 120 0.32 97.21 120 12.48 0.24 22.77 1.18 147.68 98.33 176.69 
Err(C5-20) 120 0.47 90.68 120 20.02 0.19 21.24 1.51 82.01 80.78 134.77 
Err(C5-30) 120 0.37 103.57 120 22.11 0.47 17.46 1.51 87.64 87.92 133.38 
Err(Among) 40 0.40 79.46 40 22.33 0.99 30.74 1.76 94.20 118.94 137.66 
** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table C2. Analysis of variance for yield and other agronomic traits of CO Si topcross and C5 Si topcross of each 
selected population evaluated at Crawfordsviile, lA in 1995. 
Mean squares 
Grain Grain Root Stalk Dropped Plant Ear 
Source df yield moisture Stand lodging lodging ears height height 
Set 9 11.50 ** 4435.23 - 1735.68 - 1.15" 230.57 - 0.31 5854.13- 3907.75 -
Rep(Set) 10 2.38 ** 432.06 - 1352.97- 0.28 59.51 - 0.34 1011.94- 502.92 -
Population(Set) 610 0.84- 463.58 - 72.83 1.48- 39.07 - 0.40 369.98 - 244.69 -
CO/Set 90 0.82 ** 544.98 - 77.69 6.97- 69.56 - 0.34 317.19- 189.46-
C5-5/Set 120 0.74 " 353.68 - 55.46 0.36 34.84 - 0.68 214.33 - 181.02-
C5-10/Set 120 0.65 ** 400.37 - 72.38 0.32 28.70 - 0.61 259.98 - 150.66 -
C5-20/Set 120 0.71 ** 469.70 - 74.18 0.06 24.91 - 0.19 246.02 - 175.92 -
C5-30/Sset 120 0.77- 330.00 - 77.65 0.51 31.19- 0.19 338.71 - 204.92 -
Among (Set) 40 2.27- 1182.17- 96.81 3.10 - 80.43 - 0.29 1751.40- 1167.64-
Error 610 0.39 104.30 70.04 0.56 18.16 0.40 111.11 86.94 
Err(CO) 90 0.33 160.91 61.85 1.91 30.21 0.37 104.41 81.92 
Err(C5-5) 120 0.34 108.83 67.01 0.37 15.81 0.62 120.82 99.89 
Err(C5-10) 120 0.43 88.91 78.38 0.35 15.56 0.62 121.51 94.74 
Err(C5-20) 120 0.43 102.34 76.96 0.06 16.19 0.20 112.24 80.50 
Err(C5-30) 120 0.41 85.86 67.61 0.39 16.81 0.19 107.13 65.45 
Err(Among) 40 0.42 70.72 59.13 0.71 15.84 0.39 74.35 59.83 
*, Significant at the 0.05 and 0.01 probabilKy levels, respectively. 
Table C3. Analysis of variance for yield and other agronomic traits of CO Si topcross and CS Si topcross of each selected population 
population evaluated at Carroll, IA In 1995. 
Mean Squares 
Grain Grain Root Stalk Dropped Plant Ear 
Source df yield moisture Stand lodging lodging ears height height 
Set 9 3.74 ** 1703.03** 3.13 44.98 ** 1141.05 ** 6.33 2294.84 ** 1704.54 ** 
Rep(Set) 10 3.02 ** 1684.94 ** 4.88* 27.52 * 354.00 ** 5.03 2219.92** 1138.03** 
Population(Set) 610 0.82 376.61 ** 2.91 * 22.55 ** 87.66 ** 7.88* 283.47 ** 262.03 ** 
CO/Set 90 0.69 519.04 ** 2.72 55.14 ** 102.89* 10.09 266.93 ** 304.50 ** 
C5-5/Set 120 0.68* 332.62 ** 3.12 21.33 79.35 ** 9.01 148.35 136.31 * 
C5-10/Set 120 0.60 408.48 ** 2.60 11.09 73.30 * 6.33* 224.19** 164.60 ** 
C5-20/Set 120 0.66* 360.47 ** 2.92 2.10** 68.83 ** 6.20 189.63** 163.54 ** 
C5-30/Sset 120 0.58 278.66 ** 2.85 12.63 91.61 ** 6.35 279.44 ** 198.60** 
Among (Set) 40 3.37 ** 434.74 ** 3.75 78.34 ** 166.02 ** 13.77** 1197.50** 1321.62** 
Error 610 0.50 118.07 2.41 11.72 54.32 6.85 116.88 84.50 
Err(CO) 90 0.50 123.89 2.20 23.98 71.62 10.58 127.72 102.66 
Err(C5-5) 120 0.49 128.04 2.56 15.83 46.96 9.08 120.68 94.11 
Err(C5-10) 120 0.64 114.47 2.62 10.62 51.61 4.50 111.32 79.15 
Err(C5-20) 120 0.47 103.37 2.24 1.15 44.21 6.59 102.07 78.47 
Err(C5-30) 120 0.47 118.78 2.40 10.23 58.10 4.85 121.16 81.64 
Err(Among) 40 0.31 127.82 2.38 11.36 64.60 5.61 129.33 57.51 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table C4. Analysis of variance for yield and other agronomic traits of CO Si topcross and C5 Si topcross of each selected 
population evaluated at Ames, lA in 1996. 
Mean Squares Mean squares 
Grain Grain Root Stalk Dropped Plant Ear GDU 
Source df yield Moisture df Stand lodging lodging ears height height 
Set 9 19.71 28457.53 " 9 72.82 " 186.89" 108.90" ' 1.06 4127.04 " 2215.76" 9009.32 " 
Rep(Set) 10 5.76" 479.37 10 40.10" 53.54 " 69.15" ' 0.37 1912.95 " 814.73 " 7856.03 " 
Population(Set) 610 1.25" 840.89 " 610 12.41 " 22.87 " 42.98 , 0 7^ « 373.57 " 243.45 " 1188.13" 
CO/Set 90 1.16" 875.19" 90 16.58 " 65.26 " 62.01 " ' 1.20" 291.76" 228.58 " 1114.53" 
C5-5/Set 120 1.02" 596.87 " 120 9.85 9.25" 27.26 0.67 190.67" 150.94" 611.38" 
C5-10/Set 120 1.07" 773.79 " 120 12.20 11.33" 40.04 ' 0.43 309.23 " 188.38" 725.08 " 
C5-20/Se\ 120 1.09" 696.44 " 120 14.26 • 1.33 27.95 " 0.53 326.42 " 201.64" 737.18" 
C5-30/Sset 120 1.08" 812.12" 120 11.06" 16.81 " 37.34 " • 0.85 314.31 " 151.91 " 1159.39" 
Among (Set) 40 3.72" 2217.84 " 40 9.91 85.75 " 118.15" • 0.74 1618.67 " 1119.71 " 5912.23" 
Error 608 0.53 276.94 610 8.78 8.01 20.31 0.58 88.13 73.39 228.81 
Err(CO) 90 0.50 297.73 90 7.62 20.18 30.54 0.33 86.04 88.37 243.35 
Err(C5-5) 120 0.52 241.27 120 10.00 5.68 20.30 0.82 73.19 65.92 162.27 
Err(C5-10) 119 0.59 278.55 120 10.50 7.35 19.72 0.43 100.62 71.64 216.60 
Err(C5-20) 119 0.60 281.96 120 9.91 1.39 16.31 0.45 105.57 73.33 258.95 
Err(C5-30) 120 0.45 244.53 120 6.18 7.84 18.42 0.82 83.30 73.95 278.62 
Err(Among) 40 0.47 414.57 40 6.94 9.97 16.69 0.61 62.34 65.84 192.85 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
Table C5. Analysis of variance for yield and other agronomic traits of CO Si topcross and C5 Si topcross of each selected 
population evaluated at Carroll, lA in 1996. 
Mean Squares Mean squares 
Grain Grain Root Stalk Dropped Plant Ear 
Source df yield moisture df Stand lodging lodging ears height height 
Set 9 3.90" 1574.44 ** 9 8.83 34.21 ** 6793.02 ** 23.23 * 4006.13** 1548.67** 
Rep(Set) 10 0.75 154.62 * 10 7.30 10.09 * 52.96 11.91 85.02 164.28 * 
Population(Set) 610 1.02** 326.48 ** 610 7.17 11.17** 120.32 ** 13.70** 260.82 ** 242.12 ** 
CO/Set 90 0.67 394.87 ** 90 7.75 50.08 ** 167.58 ** 12.40 * 231.69** 263.30 * 
C5-5/Set 120 0.89* 263.98 ** 120 6.78 4.04 113.16** 11.70* 130.29** 125.32 ** 
C5-10/Set 120 0.69* 313.14** 120 7.33 2.77** 97.05 ** 20.84 189.18** 130.40** 
C5-20/Set 120 0.71 * 331.49 ** 120 6.77 0.52 88.47 8.42 218.58 ** 195.08 ** 
C5-30/Sset 120 0.74 267.39 ** 120 7.58 3.94 104.13** 14.02 265.46 ** 175.35 ** 
Among (Set) 40 4.91 ** 560.89 ** 40 6.50 23.77 ** 249.48 ** 16.09 ** 1045.70 ** 1221.46** 
Error 608 0.58 79.95 610 7.71 4.40 55.60 10.63 91.28 76.72 
Err(CO) 90 0.54 111.34 90 8.22 12.62 73.87 7.85 83.13 66.31 
Err(C5-5) 119 0.61 65.68 120 7.26 3.97 51.44 7.97 80.18 85.53 
Err(C5-10) 120 0.48 85.30 120 7.87 1.79 36.86 17.91 103.58 71.51 
Err(C5-20) 120 0.49 68.85 120 7.21 0.54 68.26 6.78 93.53 80.73 
Err(C5-30) 119 0.64 70.73 120 7.89 4.37 55.47 13.13 92.28 76.95 
Err(Among) 40 0.87 98.19 40 8.42 6.69 45.52 7.10 96.27 76.59 
*, ** Significant at the 0.05 and 0.01 probability levels, respectively. 
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APPENDIX D. INDIVIDUAL ENVIRONMENT VARIANCE AND 
HERITABILITY ESTIMATES 
Table D1. Estimates of variance components and heritability (h^) for yield and other agronomic traits of CO Si topcross and 05 
Si topcross of each selected population evaluated at Ames, lA in 1995. 
Confidence limits Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance t S.E. h^ limit limit 
Grain yield ^ CO 62.05 + 9.15 39.57 25.39 58.78 158.29 + 38.95 0.64 0.49 0.74 
(Mg ha'^) C5-5 36.33 ± 4.65 18.86 11.07 28.54 75.45 + 20.64 0.52 0.35 0.64 
C5-10 31.60 + 4.05 15.58 8.69 24.04 62.34 + 18.14 0.49 0.31 0.63 
C5-20 36.54 ± 4.68 13.06 4.26 23.15 52.24 + 22.25 0.36 0.13 0.52 
C5-30 48.37 ± 6.19 30.01 20.24 42.67 120.06 + 26.50 0.62 0.49 0.72 
Moisture CO 317.73 + 46.85 243.93 175.80 340.85 975.71 + 192.43 0.77 0.67 0.84 
(g C5-5 177.49 + 22.73 112.28 76.65 158.63 449.12 + 96.84 0.63 0.50 0.73 
C5-10 184.61 + 23.64 136.01 100.70 183.57 544.04 + 97.77 0.74 0.64 0.81 
C5-20 261.14 ± 33.44 215.80 167.33 282.53 863.20 + 135.74 0.83 0.77 0.87 
C5-30 221.45 + 28.35 169.66 127.77 226.54 678.65 + 116.47 0.77 0.68 0.83 
stand CO 30.37 ± 4.48 19.82 12.94 29.20 79.27 + 18.96 0.65 0.51 0.75 
(M plants ha"^) C5-5 16.30 ± 2.09 9.76 6.42 14.04 39.03 + 9.00 0.60 0.46 0.70 
C5-10 11.08 + 1.42 4.84 2.32 7.84 19.35 + 6.51 0.44 0.24 0.58 
C5-20 19.73 + 2.53 9.72 5.41 15.00 38.87 + 11.33 0.49 0.31 0.62 
C5-30 24.75 + 3.17 13.70 8.50 20.25 54.79 + 13.88 0.55 0.40 0.67 
Table D1. (continued) 
Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper 
Trait population variance ± S.E. variance limit limit 
Root lodging CO 0.33 0.13 0.07 -0.04 0.18 
(%) C5-5 0.46 + 0.03 0.10 -0.03 0.23 
C5-10 1.85 + 0.27 0.51 0.03 1.03 
C5-20 0.23 + 0.03 0.00 -0.08 0.07 
C5-30 0.11 + 0.01 -0.01 -0.05 0.03 
Stalk lodging CO 31.93 + 4.71 18.05 10.43 28.04 
(%) C5-5 20.26 + 2.59 10.28 5.90 15.69 
C5-1G 15.44 + 1.98 4.06 0.05 8.43 
C5-20 17.89 + 2.29 7.27 3.11 12.15 
C5-30 24.74 + 3.17 16.02 11.09 22.46 
Dropped ears CO 0.95 + 0.14 -0.03 -0.40 0.32 
(%) C5-5 1.07 + 0.14 0.05 -0.28 0.38 
C5-10 0.68 + 0.09 0.09 -0.11 0.29 
C5-20 0.76 + 0.10 0.00 -0.24 0.24 
C5-30 0.83 + 0.11 0.07 -0.18 0.32 
Confidence limits^ 
Additive Lower Upper 
variance + S.E. h' limit limit 
0,27 + 0.68 0.21 -0.12 0.44 
0.38 + 0.13 0.21 -0.07 0.41 
2.02 + 1.35 0.27 0.02 0.46 
-0.01 + 0.17 1 
-0.03 + 0.08 
72.20 + 20.54 0.57 0.38 0.69 
41.13 + 11.56 0.51 0.33 0.64 
16.24 + 9.83 0.26 0.00 0.45 
29.07 + 10.65 0.41 0.20 0.56 
64.06 + 13.44 0.65 0.52 0.74 
-0.10 + 0.80 ..... ..... ..... 
0.22 + 0.75 0.05 -0.28 0.30 
0.37 + 0.46 0.13 -0.17 0.36 
0.01 + 0.55 0.00 -0.35 0.26 
0.29 + 0.57 0.09 -0.23 0.32 
Table D1. (continued) 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. h' limit limit 
Plant height CO 161.74 + 23.85 108.26 71.98 158.11 433.04 + 100.47 0.67 0.53 0.77 
(cm) C5-5 75.95 + 9.72 29.89 12.08 50.67 119.55 45.49 0.39 0.18 0.55 
C5-10 131.30 + 16.81 57.46 27.66 93.02 229.82 + 77.15 0.44 0.24 0.58 
C5-20 117.04 + 14.99 76.04 52.74 106.52 304.14 + 63.52 0.65 0.53 0.74 
C5-30 142.07 + 18.19 98.25 70.55 135.05 393.01 + 76.15 0.69 0.58 0.77 
Ear height CO 131.68 + 19.42 87.51 57.90 128.12 350.04 + 81.92 0.66 0.52 0.76 
(cm) C5-5 62.23 + 7.97 18.89 3.25 36.31 75.57 + 38.84 0.30 0.06 0.48 
C5-10 71.74 + 9.19 22.57 4.70 42.59 90.29 + 44.54 0.31 0.07 0.49 
C5-20 88.36 + 11.31 47.97 29.29 71.40 191.89 + 49.76 0.54 0.38 0.66 
C5-30 100.57 + 12.88 56.61 35.61 83.18 226.45 + 56.21 0.56 0.41 0.68 
Silk CO 528.90 + 77.98 452.86 342.69 613.17 1811.43 + 315.17 0.86 0.80 0.90 
emergence C5-5 377.10 + 48.28 303.60 233.17 400.12 1214.40 + 196.77 0.81 0.74 0.86 
(GDU °C) C5-10 382.23 + 48.94 293.88 221.64 392.03 1175.52 + 200.92 0.77 0.69 0.83 
C5-20 350.16 + 44.83 282.78 217.43 372.38 1131.10 + 182.63 0.81 0.74 0.86 
C5-30 458.16 + 58.66 391.47 307.01 508.32 1565.86 + 237.12 0.85 0.80 0.89 
^Approximate 90% confidence interval. 
^Exact 90% confidence interval. 
Variance estimate for grain yield multiplied by 100. 
^Not estimated because of negative variance component. 
Table D2. Estimates of variance components and heritability (h^) for yield and other agronomic traits of CO topcross and CS 
Si topcross of each selected population evaluated at Crawfordsville, lA in 1995. 
Confidence limits^ Confidence limits^ 
Topcross Phenotyplc Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. iimit limit 
Grain yield ® CO 41.21 + 6.08 24.47 14.81 37.30 97.87 + 26.24 0.59 0.42 0.71 
(Mg ha^) C5-5 37.18 + 4.76 20.17 12.31 30.03 80.69 + 20.94 0.54 0.38 0.66 
C5-10 32.63 + 4.18 11.38 3.46 20.41 45.51 + 19.95 0.35 0.12 0.52 
C5-20 35.70 + 4.57 14.31 5.98 24.06 57.23 + 21.32 0.40 0.19 0.56 
C5-30 38.53 + 4.93 18.04 9.48 28.41 72.15 + 22.35 0.47 0.28 0.61 
Moisture CO 272.49 + 40.18 192.03 132.01 275.66 768.13 + 167.56 0.70 0.58 0.79 
(g kg"^) C5-5 176.84 + 22.64 122.42 87.95 168.22 489.68 + 94.76 0.69 0.58 0.77 
C5-10 200.19 + 25.63 155.73 118.02 207.09 622.93 + 105.02 0.78 0.70 0.84 
C5-20 234.85 + 30.07 183.68 139.50 243.91 734.72 + 123.10 0.78 0.71 0.84 
C5-30 165.00 + 21.13 122.07 90.55 164.56 488.28 + 87.32 0.74 0.65 0.81 
Stand CO 38.84 + 5.73 7.92 -4.47 21.06 31.66 + 29.28 0.20 -0.13 0.44 
(M plants ha'^) C5-5 27.73 + 3.55 -5.78 -16.65 3.44 -23.10 + 22.27 ..J ... 0.11 
C5-10 36.19 + 4.63 -3.00 -15.69 8.47 -11.98 + 27.32 — — 0.20 
C5-20 37.09 + 4.75 -1.39 -13.88 10.17 -5.56 + 27.37 — — 0.23 
C5-30 38.83 + 4.97 5.02 -6.27 16.46 20.09 + 26.37 0.13 -0.18 0.36 
Root lodging CO 3.49 + 0.51 2.53 1.77 3.60 10.13 + 2.13 0.73 0.61 0.81 
(%) C5-5 0.18 + 0.02 -0.01 -0.07 0.05 -0.03 + 0.13 — — 0.23 
C5-10 0.16 + 0.02 -0.01 -0.07 0.04 -0.05 + 0.12 — — 0.20 
C5-20 0.03 + 0.00 0.00 •0.01 0.01 0.00 + 0.02 — — 0.26 
C5-30 0.26 + 0.03 0.06 -0.01 0.13 0.24 + 0.16 0.24 -0.03 0.43 
Table D2. (continued) 
Confidence limits^ Confidence limits^ 
Test-cross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance ± S.E. variance limit limit variance + S.E. h' limit limit 
Stalk lodging CO 34.78 + 5.13 19.67 11.37 30.55 78.68 + 22.36 0.57 0.38 0.69 
(%) C5-5 17.42 + 2.23 9.51 5.84 14.13 38.06 + 9.80 0.55 0.39 0.66 
C5-10 14.35 + 1.84 6.57 3.36 10.44 26.29 + 8.36 0.46 0.27 0.60 
C5-20 12.45 + 1.59 4.36 1.34 7.80 17.43 + 7.61 0.35 0.12 0.52 
C5-30 15.60 + 2.00 7.19 3.71 11.40 28.77 ± 9.07 0.46 0.27 0.60 
Dropped ears CO 0.17 + 0.02 -0.02 -0.09 0.05 -0.07 + 0.15 ... ... 0.22 
(%) C5-5 0.34 + 0.04 0.03 -0.07 0.13 0.12 + 0.24 0.09 -0.23 0.32 
C5-10 0.31 + 0.04 0.00 -0.10 0.09 -0.01 + 0.22 — ... 0.25 
C5-20 0.09 + 0.01 0.00 -0.04 0.02 -0.02 ± 0.07 — — 0.22 
C5-30 0.09 + 0.01 0.00 -0.03 0.03 0.00 + 0.07 — — 0.26 
Plant height CO 158.59 + 23.38 106.39 70.85 155.26 425.56 + 98.47 0.67 0.53 0.77 
(cm) C5-5 107.17 + 13.72 46.76 22.41 75.80 187.03 + 63.00 0.44 0.24 0.58 
C5-10 129.99 + 16.64 69.23 41.57 103.76 276.93 + 73.49 0.53 0.37 0.65 
C5-20 123.01 + 15.75 66.89 40.89 99.50 267.55 + 69.25 0.54 0.38 0.66 
C5-30 169.36 + 21.68 115.79 82.65 159.70 463,17 + 90.97 0.68 0.57 0.77 
Ear height CO 94.73 + 13.97 53.77 31.19 83.38 215.06 ± 60.87 0.57 0.39 0.69 
(cm) C5-5 90.51 + 11.59 40.56 20.18 65.02 162.25 + 52.94 0.45 0.25 0.59 
C5-10 75.33 + 9.65 27.96 10.00 48.69 111.84 ± 45.57 0.37 0.15 0.53 
C5-20 87.96 + 11.26 47.71 29.10 71.03 190.84 ± 49.54 0.54 0.38 0.66 
C5-30 102.46 + 13.12 59.74 38.59 86.71 238.95 ± 56.85 0.58 0.44 0.69 
Approximate 90% confidence interval. 
^Exact 90% confidence interval. 
Variance estimate for grain yield multiplied by 100. 
^Not estimated because of negative variance component 
Table D3. Estimates of variance components and heritability (h^) for yield and other agronomic traits of CO topcross and C5 
Si topcross of each selected population evaluated at Carroll, lA in 1995. 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. h^ limit limit 
Grain yield® CO 34.63 + 5.11 9.52 -0.85 21.01 38.06 + 25.23 0.27 -0.03 0.49 
(Mg ha^) 05-5 33.95 + 4.35 9.66 0.99 19.21 38.63 + 21.38 0.28 0.03 0.47 
C5-10 30.11 + 3.85 -2.01 -12.41 7.47 -8.03 + 22.54 ..A — — 
C5-20 32.79 + 4.20 9.53 1.20 18.74 38.12 + 20.59 0.29 0.04 0.48 
C5-30 29.20 + 3.74 5.47 -2.61 13.92 21.89 + 19.27 0.19 -0.10 0.40 
Moisture CO 259.52 + 38.26 197.58 141.82 276.78 790.31 + 157.36 0.76 0.66 0.83 
(9 kg ') C5-5 166.31 + 21.29 102.29 68.58 145.84 409.16 + 91.27 0.62 0.48 0.72 
C5-10 204.24 + 26.15 147.00 107.67 199.72 588.02 + 108.63 0.72 0.62 0.79 
C5-20 180.24 + 23.08 128.55 93.74 175.11 514.20 + 96.03 0.71 0.61 0.79 
C5-30 139.33 + 17.84 79.94 51.02 116.67 319.75 + 77.57 0.57 0.42 0.68 
Stand CO 1.36 + 0.20 0.26 -0.18 0.72 1.03 + 1.03 0.19 -0.15 0.43 
(M plants ha'^) C5-5 1.56 + 0.20 0.28 -0.16 0.73 1.11 + 1.03 0.18 -0.11 0.39 
C5-10 1.30 + 0.17 -0.01 -0.44 0.39 -0.05 + 0.94 — — — 
C5-20 1.46 + 0.19 0.34 -0.05 0.76 1.36 + 0.94 0.23 -0.04 0.43 
C5-30 1.43 0.18 0.23 -0.18 0.64 0.90 + 0.96 0.16 -0.14 0.38 
Root lodging CO 27.57 + 4.07 15.58 9.00 24.21 62.33 + 17.73 0.57 0.38 0.69 
(%) C5-5 10.66 + 1.37 2.75 -0.03 5.77 11.00 + 6.80 0.26 0.00 0.45 
C5-10 5.54 + 0.71 0.24 -1.50 1.91 0.94 + 3.93 0.04 -0.29 0.29 
C5-20 1.05 + 0.13 0.47 0.24 0.75 1.89 + 0.61 0.45 0.26 0.59 
C5-30 6.32 + 0.81 1.20 -0.54 3.03 4.82 + 4.16 0.19 -0.09 0.40 
Table D3. (continued) 
Confidence limits^ Confidence limits* 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. h' iimit limit 
Stalk lodging CO 51.44 + 7.58 15.63 0.62 32.59 62.53 + 36.97 0.30 0.01 0.51 
(%) C5-5 39.67 + 5.08 16.19 6.99 27.01 64.77 + 23.61 0.41 0.20 0.56 
C5-10 36.65 + 4.69 10.84 1.58 21.12 43.37 + 22.95 0.30 0.05 0.48 
C5-20 34.41 + 4.41 12.31 4.02 21.81 49.23 + 20.95 0.36 0.13 0.52 
C5-30 45.80 + 5.86 16.75 5.79 29.37 67.01 + 27.78 0.37 0.14 0.53 
Dropped ears CO 5.05 + 0.74 -0.24 -2.27 1,60 -0,97 + 4,31 ... ... 
(%) C5-5 4.51 + 0.58 -0.03 -1.51 1.36 -0.14 + 3.28 — — 
C5-10 3.16 + 0.40 0.91 0.11 1.80 3.66 + 1.99 0.29 0.04 0.47 
C5-20 3.10 + 0.40 -0.20 -1.27 0.78 -0.79 + 2.32 — — — 
C5-30 3.18 + 0.41 0.75 -0.09 1.66 3.00 + 2.05 0.24 -0.03 0.43 
Plant height CO 133.47 + 19.68 69.60 36.79 111.65 278.42 + 87.26 0.52 0.32 0.66 
(cm) C5-5 74.18 + 9.50 13.84 -6.70 35.30 55.34 + 48.97 0.19 -0.10 0.40 
C5-10 112.09 + 14.35 56.43 32.12 86.38 225.73 + 64.10 0.50 0.33 0.63 
C5-20 94.81 + 12.14 43.78 22.63 69.33 175.12 + 55.15 0.46 0.27 0.60 
C5-30 139.72 + 17.89 79.14 50.02 116.02 316.56 + 77.99 0.57 0.41 0.68 
Ear height CO 152.25 + 22.45 100.92 66.65 147.88 403.68 + 94.76 0.66 0.52 0.76 
(cm) C5-5 68.16 + 8.73 21.10 4.05 40.15 84.39 + 42.42 0.31 0.07 0.49 
C5-10 82.30 + 10.54 42.73 25.06 64.64 170.90 + 46.77 0.52 0.35 0.64 
C5-20 81.77 + 10.47 42.54 25.00 64.31 170.15 + 46.45 0.52 0.35 0.65 
C5-30 99.30 + 12.71 58.48 38.05 84.59 233.91 + 54.98 0.59 0.44 0.70 
^Approximate 90% confidence Interval. 
*Exact 90% confidence interval. 
Variance estimate for grain yield multiplied by 100. 
^Not estimated because of negative variance component. 
Table D4. Estimates of variance components and heritability (h^) for yield and other agronomic traits of CO Si topcross and C5 
Si topcross of each selected population evaluated at Ames, lA in 1996. 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. h^ limit limit 
Grain yield^ CO 58.14 + 8.57 32.96 19.10 51.14 131.84 + 37.37 0.57 0.39 0.69 
(Mg ha"^) C5-5 50.79 + 6.50 24.83 13.70 38.44 99.31 + 29.21 0.49 0.31 0.62 
C5-10 53.66 + 6.87 24.25 12.17 38.74 96.99 + 31.37 0.45 0.26 0.59 
C5-20 54.26 + 6.95 24.15 11.89 38.83 96.62 + 31.81 0.45 0.25 0.59 
C5-30 54.10 + 6.93 31.67 20.52 45.90 126.67 + 30.00 0.59 0.44 0.69 
Moisture CO 437.60 + 64.52 288.73 190.08 423.75 1154.92 + 272.60 0.66 0.52 0.76 
(9 kg"^) C5-5 298.43 + 38.21 177.80 116.66 256.19 711.20 + 164.86 0.60 0.45 0.70 
C5-10 386.89 49.54 247.62 170.19 348.56 990.48 + 210.69 0.64 0.51 0.73 
C5-20 348.22 + 44.59 207.24 135.81 298.74 828.96 + 192.51 0.60 0.45 0.70 
C5-30 406.06 + 51.99 283.79 204.87 388.87 1135.17 + 217.18 0.70 0.59 0.78 
Stand CO 8.29 + 1.22 4.48 2.47 7.08 17.91 + 5.38 0.54 0.35 0.68 
(M plants ha'^) C5-5 4.93 + 0.63 -0.07 -1.70 1.45 -0.30 + 3.59 ... ... 
C5-10 6.10 + 0.78 0.85 -0.91 2.64 3.39 + 4.12 0.14 -0.16 0.36 
C5-20 7.13 + 0.91 2.18 0.39 4.17 8.70 + 4.45 0.31 0.06 0.49 
C5-30 5.53 + 0.71 2.44 1.19 3.94 9.77 + 3.24 0.44 0.25 0.59 
Table D4. (continued) 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limK limit variance + S.E. llmtt limit 
Root lodging CO 32.63 + 4.81 22.54 15.30 32.57 90.16 + 20.14 0.69 0.56 0.78 
(%) C5-5 4.63 ± 0.59 1.79 0.70 3.06 7.15 + 2.78 0.39 0.17 0.55 
C5-10 5.66 + 0.73 1.99 0.62 3.55 7.95 + 3.46 0.35 0.12 0.52 
C5-20 0.66 + 0.09 -0.03 -0.26 0.18 -0.13 + 0.49 — — — 
C5-30 8.41 + 1.08 4.49 2.70 6.72 17.95 + 4.75 0.53 0.37 0.66 
Stalk lodging CO 31.01 + 4.57 15.74 8.04 25.53 62.95 + 20.38 0.51 0.30 0.65 
(%) C5-5 13.63 + 1.74 3.48 -0.09 7.34 13.91 + 8.70 0.26 -0.01 0.45 
C5-10 20.02 ± 2.56 10.16 5.83 15.50 40.63 + 11.43 0.51 0.33 0.64 
C5-20 13.97 + 1.79 5.82 2.60 9.62 23.27 + 8.29 0.42 0.21 0.57 
C5-30 18.67 ± 2.39 9.46 5.42 14.44 37.83 + 10.66 0.51 0.33 0.64 
Dropped ears CO 0.60 + 0.09 0.43 0.30 0.62 1.74 ± 0.37 0.73 0.61 0.81 
(%) C5-5 0.34 + 0.04 -0.08 -0.21 0.04 -0.30 + 0.27 — — — 
C5-10 0.22 ± 0.03 0.00 -0.07 0.07 0.01 + 0.16 0.01 -0.34 0.27 
C5-20 0.26 + 0.03 0.04 -0.04 0.11 0.15 + 0.18 0.14 -0.16 0.36 
C5-30 0.42 + 0.05 0.02 -0.12 0.15 0.07 ± 0.30 0.04 -0.30 0.29 
Table D4. (continued) 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. h' limit limit 
Plant height CO 145.88 + 21.51 102.86 70.73 147.63 411.45 + 89.70 0.71 0.58 0.79 
(cm) C5-5 95.34 + 12.21 58,74 39.43 83.70 234.95 + 52.30 0.62 0.48 0.72 
C5-10 154.61 + 19.80 104.30 73.91 144.44 417.21 + 83.27 0.67 0.56 0.76 
C5-20 163.21 + 20.90 110.42 78.37 152.78 441.69 + 87.85 0.68 0.56 0.76 
C5-30 157.15 + 20.12 115,50 85.42 156.00 462.02 + 83.26 0.73 0.64 0.80 
Ear height CO 114.29 + 16.85 70.11 43.65 105.59 280.42 + 72.27 0.61 0.45 0.73 
(cm) C5-5 75.47 + 9.66 42.51 26.75 62.45 170.05 + 42.18 0.56 0.41 0.68 
05-10 94.19 + 12.06 58.37 39.33 83.02 233.49 + 51.61 0.62 0.49 0.72 
C5-20 100.82 + 12.91 64.16 43.95 90.47 256.62 + 54.94 0.64 0.51 0.73 
C5-30 75.96 + 9.73 38.98 22.61 59.23 155.92 + 43.27 0.51 0.34 0.64 
Silk CO 557.26 + 82.16 435.59 316.80 605.36 1742.37 + 336.48 0.78 0.69 0.85 
emergence C5-5 305.69 + 39.14 224.56 166.03 303.33 898.23 + 161.98 0.73 0.64 0.80 
(GDU °C) C5-10 362.54 + 46.42 254.24 183.85 348.03 1016.96 + 193.78 0.70 0.60 0.78 
C5-20 368.59 + 47.19 239.12 165.73 335.14 956.46 + 200.08 0.65 0.53 0.74 
C5-30 579.70 + 74.22 440.39 330.47 589.38 1761.55 + 305.34 0.76 0.68 0.82 
^Approximate 90% confidence interval. 
^Exact 90% confidence interval. 
Variance estimate for grain yield multiplied by 100. 
^Not estimated because of negative variance component. 
Table D5. Estimates of variance components and heritabiiity (h^) for yield and other agronomic traits of CO topcross and C5 
Si topcross of each selected population evaluated at Carroll, IA in 1996. 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance limit limit variance + S.E. h' limit limit 
Grain yield® CO 33.70 + 4.97 6.75 -4.03 18.16 27.00 + 25.45 0.20 -0.13 0.44 
(Mg ha'^) C5-5 44.40 + 5.68 14.11 3.05 26.50 56.44 + 27.56 0.32 0.08 0.50 
C5-10 34.36 + 4.40 10.15 1.46 19.79 40.61 + 21.53 0.30 0.05 0.48 
C5-20 35.36 + 4.53 10.67 1.77 20.58 42.70 + 22.09 0.30 0.06 0.48 
C5-30 37.19 + 4.76 5.04 •5.75 15.98 20.16 + 25.22 0.14 -0.17 0.36 
Moisture CO 197.43 + 29.11 141.76 98.54 202.27 567.06 ± 120.98 0.72 0.60 0.80 
(g kg'^ ) C5-5 131.99 + 16.90 99.15 74.03 133.10 396.59 + 69.68 0.75 0.66 0.82 
C5-10 156.57 + 20.05 113.92 83.86 154.30 455.69 + 83.11 0.73 0.63 0.80 
C5-20 165.75 + 21.22 131.32 100.24 173.79 525.28 + 86.70 0.79 0.72 0.85 
C5-30 133.70 + 17.12 98.33 72.73 132.79 393.33 + 70.85 0.74 0.64 0.80 
Stand CO 3.88 + 0.57 •0.23 -1.81 1.19 -0.94 + 3.33 ..J ... ... 
(M plants ha"') C5-5 3.39 + 0.43 -0.24 -1.42 0.83 -0.97 + 2.54 ... — — 
C5-10 3.67 + 0.47 -0.27 -1.54 0.89 -1.07 + 2.75 — — — 
C5-20 3.38 + 0.43 -0.22 •1.39 0.84 •0.89 + 2.53 ... — — 
C5-30 3.79 + 0.49 -0.16 •1.44 1.03 -0.62 + 2.80 ... ... ... 
Root lodging CO 25.04 + 3.69 18.73 13.32 26.38 74.91 + 15.23 0.75 0.64 0.82 
(%) C5-5 2.02 + 0.26 0.03 -0.61 0.65 0.14 + 1.45 0.02 -0.33 0.27 
C5-10 1.39 + 0.18 0.49 0.16 0.87 1.97 + 0.84 0.35 0.13 0.52 
C5-20 0.26 + 0.03 -0.01 -0.10 0.07 -0.04 + 0.19 — — — 
C5-30 1.97 + 0.25 -0.21 -0.92 0.42 -0.86 + 1.51 -0.11 -0.50 0.18 
Table D5. (continued) 
Confidence limits^ Confidence limits^ 
Topcross Phenotypic Genetic Lower Upper Additive Lower Upper 
Trait population variance + S.E. variance iimtt limit variance + S.E. limit limit 
Stalk lodging CO 83.79 + 12.35 46.85 26.78 73.09 187.42 + 54.00 0.56 0.38 0.69 
(%) C5-5 56.58 + 7.24 30.86 18.91 45.85 123.44 + 31.83 0.55 0.39 0.66 
C5-10 48.53 + 6.21 30.10 20.29 42.79 120.39 1 26.59 0.62 0.49 0.72 
C5-20 44.23 + 5.66 10.11 -1.72 22.75 40.42 ± 28.61 0.23 -0.04 0.43 
C5-30 52.06 + 6.67 24.33 12.76 38.34 97.31 + 30.21 0.47 0.28 0.61 
Dropped ears CO 6.20 + 0.91 2.27 0.56 4.29 9.09 + 4.33 0.37 0.10 0.55 
(%) C5-5 5.85 + 0.75 1.87 0.41 3.50 7.47 + 3.63 0.32 0.08 0.50 
C5-10 10.42 + 1.33 1.47 -1.53 4.52 5.86 + 7.04 0.14 -0.16 0.36 
C5-20 4.21 + 0.54 0.82 -0.34 2.03 3.27 + 2.77 0.19 -0.09 0.40 
C5-30 7.01 + 0.90 0.44 -1.72 2.55 1.77 + 4.92 0.06 -0.27 0.31 
Plant height CO 115.84 + 17.08 74.28 47.89 110.11 297.12 + 72.58 0.64 0.49 0.75 
(cm) C5-5 65.14 + 8.34 25.06 9.68 42.92 100.22 + 39.18 0.38 0.17 0.54 
C5-10 94.59 + 12.11 42.80 21.56 68.34 171.19 ± 55.23 0.45 0.26 0.59 
C5-20 109.29 + 13.99 62.53 39.83 91.35 250.11 + 60.88 0.57 0.42 0.68 
C5-30 132.73 + 16.99 86.59 60.21 121.15 346.36 + 71.97 0.65 0.53 0.74 
Ear height CO 131.65 + 19.41 98.50 70.06 138.72 393.99 i 80.07 0.75 0.64 0.82 
(cm) C5-5 62.66 + 8.02 19.89 4.32 37.37 79.57 + 38.85 0.32 0.08 0.50 
C5-10 65.20 + 8.35 29.44 14.79 47.05 117.78 + 38.08 0.45 0.26 0.59 
C5-20 97.54 + 12.49 57.18 37.08 82.84 228.71 + 54.06 0.59 0.44 0.69 
C5-30 87.68 + 11.23 49.20 30.87 72.37 196.80 + 49.04 0.56 0.41 0.68 
'Approximate 90% confidence interval. 
^Exact 90% confidence interval. 
Variance estimate for grain yield multiplied by 100. 
^Not estimated because of negative variance component. 
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